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ABSTRACT 
 
Rachel A. Lieberman 
 
EVALUATION OF MICRON SIZED SILICA BASED PACKING MATERIAL FOR 
ULTRA HIGH PRESSURE CAPILLARY LIQUID CHROMATOGRAPHY 
(Under the direction of James W. Jorgenson) 
 
 
 According to chromatographic theory, columns packed with smaller particles should 
give better performance than those packed with larger particles.  Previous research has shown 
that columns packed with 1 µm porous bridged ethyl hybrid (BEH) particles do not perform 
as well as theory would suggest they should.  Dispersity in the size distribution of the 
particles was suspected as a cause for poor performance.  Increasing amounts of 2 µm porous 
BEH particles were added to a batch of 1 µm BEH particles to investigate the importance of 
particle size and particle size distribution.  These particle batches were evaluated on the basis 
of chromatographic analysis, packing density and flow resistance.  Size distribution did not 
appear to explain the poor performance of the 1 µm particles. 
 The process for packing porous silica particles involves packing a slurry of particles 
using a slurry solvent at high pressure.  The interaction between the slurry solvent and porous 
packing material is a very important element in producing well packed columns.  If the 
particles do not suspend well in the slurry solvent, they can form aggregates.  To determine 
the most suitable slurry solvent, ten different solvents were used to pack 1.0 µm porous BEH 
particles into capillary columns.  The packing density and column efficiency were evaluated.  
iii 
 
Three slurry solvents were found to give noticeably better column performance than the 
others. 
 In order to increase packing density and reduce voids in packing, columns were 
placed in an ultrasonic bath either during or after the packing process.  The ultrasonic energy 
allowed for particles to be compacted into a denser particle bed.  Chromatographic evaluation 
of the columns after ultrasonication in some cases showed improvement in column efficiency 
due to increased packing density. 
 The relative importance of the resistance to mass transfer in the mobile phase, 
stagnant mobile phase and stationary phase were investigated for columns packed with 1 µm 
particles.  This was determined by the unique dependence of each of these terms on retention 
factor (k’) and it was concluded that the resistance to mass transfer in the mobile phase was 
the dominant contribution. 
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1 INTRODUCTION 
 
1.1 Historical Background for Ultrahigh Pressure Liquid Chromatography 
 High Performance Liquid Chromatography, or HPLC, is the most widely used 
analytical separation method1, 2.  The first breakthrough in HPLC occurred in the early 1970s 
when slurry packing techniques were developed for silica stationary phase supports < 30 µm 
in diameter.  Shortly after, the first commercial HPLC columns became available using 10 
µm stationary phase support particles.  Over the following thirty years, the trend in HPLC 
continued to move toward decreasing particle sizes.  As the particle diameters decreased 
from 30 µm down to 5 µm, significant improvements in separation efficiency and run times 
were obtained3.  Since HPLC instrumentation was only capable of handling pressures up to 
6,000 psi, researchers were not able to run long (> 25 cm) columns packed with particles 
smaller than 5 µm.  In order to achieve faster separations without losing significant efficiency 
some researchers used shorter columns packed with particles as small as 3 µm.  These 
column packing trends in HPLC are illustrated in Table 1-1.  It was not until 2004, that 
commercial instrumentation was available with pressure capability to 15,000 psi.  This 
allowed researchers to use smaller particles packed into longer columns. 
 In the mid 1990s, instrumentation was developed in the Jorgenson lab that could 
operate at pressures significantly higher than any commercial HPLC systems4.  These 
systems were capable of running 1.0 µm non-porous silica (NPS) particles to pressures over 
100,000 psi5.  This separation technique was termed Ultrahigh Pressure Liquid 
2 
 
Chromatography (UHPLC) and demonstrated improvements in chromatography efficiency 
and speed of analysis from standard HPLC systems6-16.  Five years ago, Waters Corporation 
was the first to introduce commercial LC systems capable of reaching pressures of 15,000 
psi, which they named ACQUITY Ultra Performance Liquid Chromatography® (UPLC)17.  
These systems use stainless steel columns packed with 1.7 µm particles.  Not long 
afterwards, other companies began selling their UPLC instruments; JASCO X-LC, Agilent 
1200 Series RRLC, and Agilent 1290, which have pressure limits of 15,000, 9,000, and 
18,000 respectively and also utilize columns packed with sub 2-µm particles.  More recently, 
commercial instruments are being introduced that can run at these same higher pressures with 
low flow rates (nanoliter range) and utilize capillary columns.  Research in our lab is aimed 
at the development of columns with still smaller particles.  Most commercial instrumentation 
uses sub-2 µm particles for their columns; our lab is interested in using 1.0 µm porous 
particles for use in UHPLC.  The remainder of this chapter will provide the theoretical 
background needed to fully understand the thesis.  
1.2 Chromatography Theory 
1.2.1 Retention Factor and Chemical Equilibrium 
 The separation of analytes in liquid chromatography is based on how the analytes 
partition between mobile and stationary phases.  This can be described by the partition 
coefficient K: 
 
where CS is the concentration of analyte in the stationary phase and CM is the concentration 
of analyte in the mobile phase.  Analytes with a large K will spend more time in the 
stationary phase than those with a lower K, causing them to elute later.  
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 The distribution of analyte molecules between the two phases can also be described 
by the retention factor, k’: 
 
where nS and nM are the number of moles of solute in the stationary and mobile phases, 
respectively.  The retention factor and partition coefficient can be related by the phase ratio, 
β: 
 
Where VS and VM are the volumes of the stationary and mobile phases, respectively, such that 
 
The retention factor can also be thought of as the time, tS, that an analyte spends in the 
stationary phase relative to the time, tM, that it spends in the mobile phase1: 
 
Since the time an analyte does not spend in one phase must be spent in the other, the time in 
the stationary phase can be given by the total time spent in the column (tR) minus the time 
spent in the mobile phase: 
 
where tM is referred to as the dead time, or the elution time for an unretained analyte2.  All 
analytes will spend the same amount of time in the mobile phase, therefore, the separation 
between analytes occurs when the analytes partition into and out of the stationary phase. 
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1.2.2 Chromatography Separation Efficiency 
 When analytes are injected onto a column they form a zone or band of finite width.  
The injected zones of different analytes will be of essentially equal spatial width, and 
centered at the same point.  As the analyte zones migrate down the column they become 
separated based upon differences in partition coefficients, and will be broadened due to 
several different phenomena.  The broader the zones are, the more difficult it is to separate 
the analytes.  The amount of broadening an analyte zone undergoes during a separation 
relative to the amount of time or distance that it travels through a column is described by the 
separation efficiency18. 
 The individual molecules that make up an analyte band do not all follow the same 
path through the column.  Analyte molecules will be distributed around the center of the zone 
and since band broadening occurs as a result of a large number of random processes, the 
distribution of the analyte molecules in a zone will follow a Gaussian profile19.  The spatial 
width of a Gaussian peak can be defined in terms of its standard deviation (σL).  The 
separation efficiency of a chromatography column can be defined as the number of 
theoretical plates (N), where N is equal to the length of the column (L) squared divided by the 
total spatial variance (σL2) of a peak: 
 
Since a chromatogram most often is a representation of the data in a time scale, N must be 
calculated from the zone’s temporal variance (σt
2) and retention time: 
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Equation 1-8 is the relationship from which column efficiency is calculated from a 
chromatogram.  The height equivalent to a theoretical plate, (HETP or H), also referred to as 
the plate height, can be calculated from the number of theoretical plates: 
 
Therefore, a low plate height is also indicative of good chromatographic performance. 
1.2.3 van Deemter Theory 
 The total variance for an analyte band is the result of many different processes.  As 
long as these processes are independent of each other, the sum of all the individual processes 
will form the total variance for the analyte band1.  Therefore, the plate height can be 
expressed as the sum of the variances divided by the length of the column: 
 
These independent variances can be summed together as three different terms: 
 
These terms can be further expressed based on their dependence on the linear velocity of the 
mobile phase (u) and are defined by the van Deemter equation:  
 
where A, B and C are known as the van Deemter coefficients, and these three independent 
terms all contribute to the overall broadening of an analyte band.  A plot of the plate height 
versus the linear velocity of the mobile phase gives the familiar van Deemter curve as shown 
in Figure 1-1.  The van Deemter curve has a minimum, called the minimum plate height 
(Hmin) where the highest efficiency is obtained.  Where Hmin occurs on the plot, a specific 
linear velocity (uopt) is defined which is the optimum linear velocity at which the maximum 
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plate number will be achieved.  The three van Deemter coefficients can be expanded further 
to help understand the causes for band broadening in greater detail. 
 The A term of the van Deemter equation is independent of linear velocity and is 
usually referred to as the eddy diffusion or multiple paths term.  Band broadening occurs 
from the variety of paths that analyte molecules can take through a packed bed.  The different 
paths will vary in length and mobile phase does not move at the same linear velocity through 
each path.  These variations in paths lead to band broadening.  The A term is defined as: 
 
where λ is a parameter (with a value near 1) related to the structure of the packed bed and dp 
is the particle diameter. 
 The B term is inversely proportional to the linear velocity and is referred to as the 
longitudinal diffusion term.  B term broadening occurs from the simple diffusion that analyte 
molecules experience within an analyte band.  The longer an analyte band remains in the 
column, the more time it has to diffuse.  The B term is defined by the following equation: 
 
where Dm is the diffusion coefficient of the analyte in the mobile phase and γ is a tortuosity 
factor to account for the partial obstruction to diffusion caused by the packed bed. 
 The C term, or resistance to mass transfer term, is the most complex of the three 
terms.  The C term represents any contribution to band broadening that becomes worse with 
increasing linear velocity.  Typically, there are three main contributions to the resistance to 
mass transfer: resistance to mass transfer in the mobile phase (HCM), resistance to mass 
transfer in the stationary phase (HCS), and resistance to mass transfer in the stagnant mobile 
phase (HCSM) located in the pores of the particles. 
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 The mobile phase C term is defined as 
 
where χ is a parameter (typically between 5 and 20) related to the structure of the packed 
bed.    This equation arises from the finite time it takes for a molecule to diffuse from mobile 
phase to the surface of packing1.  There are essentially two main causes of the resistance to 
mass transfer in the mobile phase.  The first is that in a packed bed, the flow occurs in the 
interstitial spaces between the particles.  The flow will be greater near the center of the 
interstitial space due to the friction imposed by the walls (in this case the particles).  The 
analyte molecules near the center of this space will move faster than those near the wall, 
causing the zone to broaden.  This effect is more pronounced at higher velocities and through 
larger interstitial spaces.  In addition, the resistance to mass transfer in the mobile phase is 
also caused by the fact that the analyte molecules must diffuse from the bulk mobile phase to 
the particle surface in order to interact and partition with the stationary phase.  Therefore, 
analyte molecules that are in the center of the interstitial space might migrate farther down 
the column than those analyte molecules that near a particle surface before undergoing a 
partitioning event.  It is this second cause of resistance to mass transfer in the mobile phase 
that explains the dependence of HCM on k’.  These two effects are influenced by larger 
interstitial spaces, explaining the presence of the dp2 term in Equation 1-15.  In addition, 
these effects are decreased by faster diffusion, therefore, explaining the inverse relationship 
between HCM and DM. 
 The resistance to mass transfer in the stationary phase (HCS) is given by: 
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where ds is the thickness of the stationary phase and Ds is the diffusion coefficient of the 
analyte in the stationary phase.  The resistance to mass transfer in the stationary phase is 
caused by the time it takes for the analyte to diffuse out of the stationary phase.  The HCS 
term will be zero for an unretained analyte (k’ = 0).  Additionally, for an analyte with infinite 
retention (k’ = ∞) the HCS term will be zero.  Therefore, HCS will experience a maximum at k’ 
= 1.1  The stationary phases for the modern HPLC packing materials are typically bonded to 
the particle surface in a monolayer.  Therefore, ds is extremely small, making the HCS term 
small compared to the HCM term.   
 The resistance to mass transfer in the stagnant mobile phase of a porous particle is 
given by: 
 
where φ is the fraction of the total mobile phase located in the pores of the particle and ϕ is 
the tortuosity factor within the pores1.  Band broadening arises from some of the analyte 
molecules diffusing more deeply into the pores and spending more time there than others.  If 
the particles do not have any pores this term is zero.  It is believed that the main contribution 
to the resistance to mass transfer is from the mobile phase HCM term1.  Chapter 5 will further 
investigate the relative importance of the three resistance to mass transfer terms.  
 In order to compare columns packed with different sized particles, or analytes with 
different diffusion coefficients, reduced van Deemter parameters can be used.  The reduced 
plate height, h, is defined as: 
 
The reduced linear velocity, v, is defined as 
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If these terms are substituted into the van Deemter equation, the reduced parameter van 
Deemter equation is obtained 
 
The reduced parameter a, b and c-terms are dimensionless parameters which can be used to 
evaluate and compare column performance on any chromatographic column.  A combination 
of theoretical analysis and experimental data indicate that a well packed HPLC column will 
have reduced parameter terms around: a = 1, b = 2 and c = 0.1.  In addition, the column will 
typically have a minimum reduced plate height of approximately 2 and an optimum linear 
velocity of approximately 31, 2.  
1.2.4 Interstitial Velocity 
 All of the columns that will be presented in this thesis use linear velocities that are 
determined from the dead time (tM) of the column given by the following equation:  
 
Recall that tM is the time that an analyte spends only in the mobile phase and is excluded 
from the stationary phase, thus the elution time for an unretained peak.  The linear velocity 
can be related to the flow rate (F) by dividing by the cross section of the column that is 
occupied by the mobile phase which includes the space between the particles and pore 
space1. 
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where εt is the volume fraction of the column occupied by the mobile phase and r is the 
radius of the column.  The interstitial velocity is defined as the average linear velocity of the 
mobile phase that moves between the particles and is given by the following equation: 
 
where εi is the volume fraction of the column between the particles.  The velocity which 
should be used for the van Deemter equation is the interstitial velocity for a given column.  
For a column packed with nonporous particles, the interstitial velocity is the velocity 
determined from the dead time marker.  However, in the case of porous particles, there is 
stagnant mobile phase present inside the pores of the particles.  When an analyte diffuses into 
the stagnant mobile phase the analyte is no longer moving.  The measured tM for a column 
packed with porous particles includes both the time that the analyte spends in the interparticle 
(moving) mobile phase and in the intraparticle (stagnant) mobile phase1.  Assuming that the 
analyte will spend half of the time in the interparticle mobile phase and half of the time in the 
intraparticle mobile phase, where it is not moving, the actual interstitial velocity for a column 
packed with porous particles is double that determined from tM.   Since Equation 1-21 is used 
to measure the linear velocity for a column packed with porous particles, the interstitial 
velocity is being underestimated.  As an approximation, the measured linear velocity can be 
doubled in order to obtain a more realistic estimate of the interstitial velocity for columns 
packed with porous particles.   
 If in fact the measured linear velocity was doubled (as an approximation) to obtain a 
more accurate interstitial velocity, all of the van Deemter A terms would remain the same.  
The van Deemter B terms would be doubled, and the van Deemter C terms would be halved.  
Figure 1-2 displays reduced van Deemter data for hydroquinone run in 50/50 
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acetonitrile/water + 0.1% triflouroacetic acid (TFA) mobile phase for an 18.9 cm x 30 µm ID 
column.  The solid data represent the linear velocities that are not corrected for the interstitial 
velocity.  The open circle data represent the linear velocities after correcting by a factor of 
two to allow for a more accurate estimate of the interstitial velocity of the column.  The 
linear velocity has now been doubled, so the optimum linear velocity and the reduced van 
Deemter b term have doubled and the reduced van Deemter c term has been halved.  The 
corrected c term value is ~ 0.36 and the optimum linear velocity is ~ 3 which are approaching 
the values of 0.2 and 3, respectively, which would be expected for well packed columns1.  
Because this is an approximation, it is difficult to interpret all of the data in this way.  Thus it 
is important to note that, for consistency, the linear velocities shown in the thesis are not 
corrected for the interstitial velocity.   
 There are methods that can be used to attempt to determine the interstitial velocity for 
columns packed with porous particles.  Inverse size exclusion chromatography (ISEC) uses 
probes too large to fit into the pores, such as polystyrene standards, to measure the interstitial 
velocity.  The downside to using this technique is that the large molecular weight probes are 
significantly affected by hydrodynamic chromatography (HDC) occurring within the column.  
HDC is a separation method that is based on the parabolic shape of the laminar flow profile 
in open capillaries or interstitial channels in packed beds20, 21.  Small molecular probes are 
able to sample all flow regimes in the capillary including the slow flow region near the 
capillary wall.  Large probes, such as those used in ISEC, are excluded from the slow flow 
region and will overestimate the value for the mobile phase interstitial velocity. 
 Total pore blocking is another method that can be used to determine the interstitial 
velocity of a column.  For this technique, the pores of the packing particles are filled with a 
12 
 
hydrophobic solvent that is completely immiscible with the mobile phase.  Then the elution 
time of small molecular weight tracers, such as uracil, are measured while the pores are 
blocked22.  While this technique seems to be very straightforward, it is difficult to be sure all 
of the pores are blocked and also to find a small molecular tracer that is completely excluded 
from the pore blocking fluid.  In addition, the packing density for each column will be 
different so the interparticle mobile phase velocity will change depending on the packing 
density for the column.  If these techniques were employed, they would have to be used for 
every single column.  Therefore, the columns presented in this thesis are shown with van 
Deemter coefficients uncorrected for interstitial velocity. 
1.2.5 Small Particles and Ultrahigh Pressures  
 The dependence of the van Deemter A and C terms on particle diameter indicate that 
the smallest diameter particles should be used.  The A term is proportional to the particle 
diameter, and the C term is proportional to the particle diameter squared.  Decreasing the 
particle diameter will decrease the minimum plate height, as well as the slope of the van 
Deemter curve at higher linear velocities.  This allows for the chromatographic efficiency 
(number of plates) to be higher, the optimum linear velocity will be faster, and runs to be 
performed at velocities above uopt without sacrificing much efficiency.  This is illustrated in 
Figure 1-3.  van Deemter curves have been calculated for several particle diameters using 
Equations 1-13 through 1-15.  Values that are typical for “well packed” columns have been 
used for the dimensionless parameters in these equations; λ, γ, and χ were approximated as 
0.5, 1, and 5, respectively1.  The particle diameters most commonly used in commercial 
columns are 3.5 to 5 µm and are represented by the gray region.  UHPLC with 1 µm particles 
13 
 
are shown in the red trace.  It is clear that there is a distinct advantage to using smaller 
particle diameters for chromatographic analysis. 
 A practical limitation to using smaller particles is that the pressure (ΔP) required to 
force a liquid through a packed bed is inversely proportional to the particle diameter squared 
 
where ω is a flow resistance factor related to the structure of the packed bed, η is the mobile 
phase viscosity, and L is the length of the packed bed.  This indicates that there is an inverse 
relationship between the pressure drop and the particle diameter squared1.  Furthermore, the 
optimal linear velocity is inversely proportional to particle diameter. 
 
Therefore, the pressure drop required to obtain the optimal linear velocity is inversely 
proportional to the particle diameter cubed4. 
 
The result of this relationship is that the pressure required to force mobile phase through the 
column at the optimum linear velocity increases greatly as the particle size decreases.  In 
order to benefit from the increased efficiency associated with small stationary phase particles 
one needs to use high pressures.   
1.3 Thesis Overview 
The work presented in this thesis was focused on improving the capabilities of 
UHPLC by using 1.0 µm porous stationary phase supports and evaluating their performance, 
column packing density and flow resistance.  Chapter 2 will discuss the importance of 
particle size and size distribution for 1.0 µm porous particles.  In this work, bimodal particle 
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batches were evaluated to see if adding a small amount of large particles (~ 2 µm) to 1.0 µm 
particles would affect efficiency and packing density.  Chapters 3 and 4 will investigate 
procedures for packing columns with 1.0 µm particles.  The work in Chapter 3 will discuss 
using ultrasonic energy to aid in column bed compaction.  Chapter 4 will discuss how the 
slurry solvent can impact the performance of a column.  The relative importance of the three 
resistance to mass transfer terms will be investigated in more detail in Chapter 5. 
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1.5 Tables and Figures 
 
 
Packing 
Material 
dp (μm) 
Length 
(cm) 
Pressure 
(psi) 
Retention 
Time 
(minutes) 
Efficiency 
(plates) 
10 porous 25 580 2.5 10,000 
5 porous 25 2300 2.5 20,000 
3 porous 10 2600 1.0 13,000 
2 porous 5 2900 0.5 10,000 
1.5 non-porous 3 3300 0.3 8,000 
 
Table 1-1. Trends in HPLC column packing technology.  As particle diameter decreased the 
length of the columns decreased in order to keep the same pressures until there was a loss in 
efficiency.  
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Figure 1-1.  Theoretical van Deemter curve showing the contributions to H from the A, B and 
C terms  
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Figure 1-2. Reduced van Deemter curves for HQ for 18.9 cm x 30 µm ID column run in 
50/50 acetonitriel/water + 0.1% TFA.  The solid data represents the experimental data 
collected without correcting for the interstitial velocity.  The open circles represent the 
experimental data after approximating by a factor of two to more accurately measure the 
interstitial velocity.  The van Deemter coefficients are displayed for each set of data.  
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Figure 1-3. Theoretical van Deemter curves for HPLC, UPLC and UHPLC showing the 
decrease in Hmin, increase in uopt, and overall decrease in the slope of the high linear velocity 
region.  Particle diameters: HPLC, 3.5 – 5 µm; UPLC, 1.8 µm; UHPLC; 1.0 µm. 
 
 
 
 
 
2 MIXED PARTICLE DIAMETER STUDY FOR UHPLC 
 
2.1 Introduction 
2.1.1 Porous Stationary Phase Particles for UHPLC 
 The properties of the packing material for liquid chromatography separations are the 
most important aspect for obtaining an efficient separation.  There are many factors to 
consider, such as particle size distribution, type of particle used, and overall size of the 
packing material.  Empirically, “well-packed” chromatography columns have a plate height 
at the van Deemter optimum (Hmin) roughly twice the particle diameter1: 
 
Described in detail in Chapter 1, smaller packing materials allow for more efficient 
separations because lower plate heights correspond to greater chromatographic efficiency.  In 
order for this to hold true, many factors pertaining to the packing material and how it is 
packed into a chromatography column must be controlled.  The column packing density is a 
function of the pressure used to pack a column, and the desire for densely packed columns is 
the main reason why commercial columns are packed at pressures well above their highest 
intended run pressures1. 
Most of the early research done in the Jorgenson lab was performed using non-porous 
silica (NPS) stationary phase particles because they are easily synthesized in monodisperse 
batches and are mechanically strong enough to withstand ultra high pressures2.  More 
recently, the focus of the UHPLC project has turned to using porous silica stationary phase 
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supports.  The most significant drawback to using non-porous particles is their lack of 
surface area relative to porous particles of equivalent diameter.  As a result of this low 
surface area, only a small amount of analyte can be loaded onto the column before the peaks 
broaden due to mass overloading.  The retentivity and loadability of porous and non-porous 
particles can be expressed using the phase ratio (β): 
 
Where εi is the interparticle porosity, ASS is the specific surface area in m2/g, VP is the 
specific pore volume in mL/g and ρsk is the skeleton density for silica (2.2 g/mL).  The 
interparticle porosity is the fraction of the total column volume external to the particles of the 
packing material and generally has a value of 0.4.  The phase ratio is described as the surface 
area of the packing material per unit volume of mobile phase in a column.  A column packed 
with 1.0 µm non-porous particles will have a β ≈ 9 m2/mL.  A low phase ratio will result in 
low loading capacity, which can cause more band broadening even when moderate amounts 
of analyte are injected onto a column.  In the late 1990s 1.0 µm nonporous silica particles 
were packed and characterized by efficiency to meet theoretical expectations for the relative 
particle size3. 
Because porous particles have a higher surface area, they typically have phase ratios 
on the order of 200 m2/mL or higher4.  Due to the increase in loadability using porous silica 
stationary phase supports, it is highly desirable to move toward using porous particles.  
Through collaboration with Waters Corporation, our lab was provided with many different 
batches of sub 2-µm bridged ethyl hybrid (BEH) porous particles for use with UHPLC.  In 
2004 research from our lab was published about the efficiency and loadability of columns 
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packed with 1.5 µm BEH particles.  These particles have given the most efficient UHPLC 
results to date for porous BEH material5.  
2.2 Motivation for Bimodal Particle Size Distribution Study  
The research of the UHPLC project is focused on moving to micron and sub-micron 
sized porous BEH particles for packing materials.  In general it has been a goal to obtain 
packing material with a very narrow size distribution.  A narrow distribution will allow for 
more efficient column packing and help reduce the broadening associated with poorly packed 
columns.  As the particle size decreases, both the van Deemter A and C terms should 
decrease (Equations 1-13 and 1-15) allowing for more efficient chromatographic results.  
Variations in the particle size distribution can cause these two terms to increase because of 
their direct relationship on particle diameter.  Specifically, the goal of this study was to see if 
a small number of large particles (~ 2 µm) could ruin the column efficiency for a column 
packed with small 1.0 µm particles.  In addition, would the presence of a small amount of 
small particles added to large particles be able to increase the flow resistance such that the 
column would essentially be “plugged”.  The remainder of this section will discuss the 
importance of particle size distribution and how it relates to chromatographic efficiency. 
2.2.1 Particle Size and Size Distribution 
The method of production of porous silica stationary phase particles results in 
polydispersion.  The particles must then be separated on the basis of size by methods such as 
air classification or elutriation6.  In elutriation, a long funnel shaped reservoir is used and 
solvent is introduced from the bottom.  The liquid flow velocity is different at each point in 
the reservoir because of the gradually increasing diameter of the funnel.  Particles of different 
size will have a specific equilibrium position where the forces are balanced.  Particles 
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between ~ 2 µm and 100 µm can be separated by this type of device4, 7.  These methods tend 
to become ineffective for particle sizes below 1.5 µm.  The settling velocity for particles near 
1 µm is so slow that this technique becomes impractical.  In addition, smaller particles have 
more surface area and tend to stick together and form aggregates.  It then becomes very 
difficult to separate the aggregates to get a narrow size distribution of particles8.  Neue has 
suggested that chromatographic material should have a relative standard deviation (RSD) of 
15% or less to provide efficient chromatography1.   
 The particle size distribution of the packed bed columns in HPLC has been 
recognized as an important factor influencing their performance9-11.  In the early 1980s, 
research was performed on a series of different particle size distributions that ranged from 3 
to 10 µm for HPLC packing materials9.  A large particle size distribution did not have any 
influence on the column efficiency when the flow rate was kept at the optimum and only 
minimal loss in efficiency was obtained at higher linear velocities.  More recently, research 
was published measuring the chromatographic performance for a series of sub 2 µm particle 
columns packed with four different particle mixtures each with different size distributions8.  
From these investigations it was concluded that there was no need to strive for a 
monodisperse packing because the column efficiency only becomes negatively affected in 
cases of very broad or asymmetric particle size distributions11.  However, the presence of 
fines in the particle mixtures will negatively affect the column performance.  The fines are 
small enough that they will be able to fill the gaps left between the individual packing 
particles and “plug” the column.  Some experiments have been performed in our lab using 
two sizes of non-porous silica (NPS) but the particle sizes of the individual batches were 
monodisperse and very close in size at 0.9 µm and 1.1 µm12.  In the case of UHPLC, we are 
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interested in using chromatographic packing material in the micron and submicron range.  
The relative width and asymmetry of the size distribution of smaller particles is known to be 
significantly larger than for the larger packing materials.  It is important, therefore, to 
understand the particle size distribution for these smaller particles. 
The particle size distribution affects two main chromatographic performance 
characteristics, flow resistance and column efficiency.  In general, the flow resistance of a 
chromatographic column scales with the simple number averaged particle diameter (dp,n) 
given by the following equation: 
 
The column performance (plate height) is better correlated to the volume averaged particle 
diameter (dp,v) and is given by the following equation1: 
 
This average takes into account that the larger particles take up more volume than the smaller 
ones.  For a monodisperse particle size distribution the number and volume averaged 
particles sizes are identical.  However, for a real particle size distribution, the volume 
averaged particle size distribution will be larger than the number averaged size distribution.  
For a column containing a large range of particle sizes, the larger particles are going to tend 
to dictate column separation efficiency; however, the smaller particles will dictate the flow 
resistance.  In the case of these experiments, dp,n will be used when comparing flow 
resistance for the chromatographic columns, and dp,v will be used when discussing the 
column efficiency for the chromatographic columns. 
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  In this chapter, we are interested in looking at a bimodal particle size distribution, 
where the nominal particle sizes of the individual particles do not overlap.  In addition, we 
wish to see what effect adding just a small amount of larger particles will have on the 
chromatographic performance of the micron sized particles.  We would also like to see what 
effect adding a small amount of small particles to the larger particles would do to the flow 
resistance.  The chapter will discuss how the van Deemter coefficients, flow resistance, and 
column packing density are affected by introducing larger particles into the particle size 
distribution used for packing. 
2.3 Experimental 
2.3.1 Chemicals 
 HPLC grade acetone, HPLC grade acetonitrile, and ACS grade L-ascorbic acid were 
used as received from Fisher Scientific (Fair Lawn, NJ).  Deionized water was obtained from 
a Nanopure ultrapure water system (Barnstead International, Dubuque, IA).  Triflouroacetic 
acid and formamide were used as received from Sigma Aldrich Chemical Company 
(Milwaukee, WI).  Potassium silicate, or Kasil, was used as received from PQ Corporation 
(Valley Forge, IA).  The isocratic UHPLC test mixture contained L-ascorbic acid, which 
served as the dead time marker, 1,4-dihydroxybenzene (hydroquinone), 1,3-
dihydroxybenzene (resorcinol), 1,2-dihydroxybenzene (catechol), and 4-methylcatechol, all 
of which were used as received from Sigma Chemical Company (St. Louis, MO). 
2.3.2 Bridged Ethyl Hybrid Particles 
 The bridged ethyl hybrid particles, or BEH particles, were provided by Waters 
Corporation (Milford, MA).  The batch of small particles (NLL-8-57, referred to as 1 µm) 
had a number average (dp,n) of 0.933 ± 0.12 µm with a relative standard deviation (RSD) of 
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13% and a volume average (dp,v) of 0.978 µm.  These values were determined using scanning 
electron microscopy (SEM, Hitachi 4700 FE-SEM, Toronto, Ontario) at UNC.  The batch of 
larger particles was a batch of “Acquity” particles (111A, referred to as 2 µm).  Waters 
Corporation reported that these particles have a dp,n ~ 1.7 µm; however, by our size 
classification using SEM imaging we obtain a dp,n = 1.90 ± 0.30 µm with a 16% RSD and a 
dp,v = 2.04 µm.  The specific surface area (ASS), specific pore volume (VP), number and 
volume averages (from both UNC and Waters Corporation), and relative pore sizes for these 
particle batches are listed in Table 2-1.  The relative standard deviations for each particle 
batch are similar (13% for 1 µm particles and 16% for 2 µm particles), so it is not unfair to 
make comparisons between the two particle sizes.  Figure 2-1 shows the particle size 
histograms and SEM images for the two individual particle batches.  The “bimodal” particle 
batches were obtained by mixing these two particle batches in a weight to weight (w/w) ratio 
to form the various particle batch sizes.  The w/w ratio can be converted to a volume to 
volume (v/v) ratio by using the densities for each particle batch.  The total volume for 1 g of 
the small 1 µm particles was 1.128 mL and the total volume for 1 g of the large 2 µm 
particles was 1.228 mL.  The values for the w/w and v/v averages only differed by ~2%, so 
they can be thought of as approximately the same value.  These values are listed in Table 2-2.  
The six different particle batches that were analyzed were: 0, 20, 40, 60, 80 and 100 volume 
percentages of 1 µm particles. 
2.3.3 Capillary Column Packing 
 Fused silica capillary tubes (Polymicro Technologies, Inc., Phoenix, AZ) with inner 
diameters of 30 µm and outer diameters of 360 µm were used to pack six different bimodal 
particle batches.  A total of twelve different columns were analyzed (two for each bimodal 
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particle batch).  The columns were prepared with outlet frits using 2.5 µm bare nonporous 
silica particles (Bangs Laboratories, Fishers, IN)13.  A 1-2 mm plug of these particles was 
pushed approximately 0.5 mm into the capillary using a tungsten wire “pusher” to create 
room for the insertion of a microelectrode for electrochemical detection.  The plug of 
particles (frit) was then sintered into place using an electric arc device14.  The procedure for 
packing capillary columns has been described several times previously3, 5, 13.  Briefly, the 
“binary” particles were suspended in acetone at a concentration of 3 mg/mL.  The slurry was 
sonicated for 20 minutes using a Cole Parmer Ultrasonic Cleaner 8891 (Vernon Hills, IL).  A 
packing bomb was then filled with the particle slurry and this same solvent (acetone) was 
used to drive the packing process.  The capillary column was placed in a UHPLC fitting and 
secured into the column packing apparatus.  Column packing was initiated at a low pressure, 
and as the bed began to form the pressure was slow turned up to 30,000 psi over the course of 
a few hours.  The packing process is stopped when a desired column length is reached.   
 After the column reached the desired length, it was pressurized to ~ 55,000 psi and 
flushed with several column volumes of 50/50 (v/v) acetonitrile/water with 0.1% 
triflouracetic acid (TFA) mobile phase.  The pressure was slowly released to ~ 10,000 psi, at 
which point a heating wire stripper (Teledyne Interconnect Devices, San Diego, CA) was 
used to make a temporary inlet frit.  The column was then clipped to the final desired length.  
The final inlet frits for these columns were prepared using a procedure described by Maiolica 
et. al15.  A small gap was generated at the inlet of the capillary column using an electric arc 
device.  The column inlet was then gently pushed on a glass microfiber filter (Reeve Angel, 
Clifton, NJ) that was previously wetted with 1:1 v/v ratio of potassium silicate (Kasil) and 
formamide.  After a few minutes, the glass fiber filter had solidified, but to ensure it could 
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withstand the very high pressures, the column was placed in an oven overnight at 85°C to 
fully solidify the frit.  Once the inlet frit was completely dry, the column was ready for use. 
2.3.4 Isocratic UHPLC Apparatus 
 The detailed experimental apparatus and procedures used to perform isocratic 
UHPLC have been previously described3, 5, 13, 16.  Amperometric detection was accomplished 
by amplifying the current from an 8 µm diameter (150 – 300 µm in length) carbon fiber 
microelectrode that was inserted into the end of the packed capillary and held at a +1.00 V 
vs. Ag/AgCl reference electrode.  The current was converted to a voltage using a current 
amplifier (model SR 750, Stanford Research Systems, Sunnyvale, CA) with a gain of 109 
V/A and a low pass bandwidth (3 dB) of 15 Hz.  The signal was then digitized at a data 
acquisition rate of 21 Hz using a 16-bit A/D converter in an Intel Core 2 Duo personal 
computer.  The StripChart Recorder program, written in LABVIEW 6.0 (National 
Instruments, Austin, TX), was used to collect the data.   
2.3.5 Column Test Parameters and Evaluation 
 The mobile phase used for the chromatographic characterization of the six different 
bimodal particle batches was 50/50 (v/v) acetonitrile/deionized water with 0.1% TFA added 
as an electrolyte.  The isocratic test mixture contained L-ascorbic acid, which served as the 
dead time marker, hydroquinone (HQ), resorcinol (Res), catechol (Cat) and 4-methylcatechol 
(MCat).  The concentration of each sample was ~ 200 µM. 
The columns that were used for this experiment were evaluated on the basis of 
chromatographic performance, retentivity, and flow resistance.  Table 2-3 includes the 
different lengths for each column.  The column lengths for the particle batch with only 1 µm 
particles were 16.8 and 17.3 cm.  The column lengths for the particle batch with only 2 µm 
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particles were 29.0 and 29.5 cm.  The difference in column length is due to the ability for 
larger particles to pack more easily than small particles because of their inherently lower 
flow resistance.  Van Deemter plots were generated by analyzing the test mixture at a variety 
of mobile phase flow rates.  The chromatograms were digitally frequency filtered to cut out 
high frequency noise and background subtracted to remove low frequency baseline drift17.  
Theoretical plates (N) and retention times (tr) for each analyte were determined using Igor 
Pro 6.0 (Wavemetrics Inc., Lake Oswego, OR) using the iterative statistical moments 
algorithm18, 19.  The plate height (H) is determined from Equation 1-8, using the column 
length for the specific column and N that was determined from the statistical moments 
algorithm.  Van Deemter plots for each column were generated in order to analyze 
chromatographic performance. 
Using Equation 2-4, the volume average size (dp,v) for the mixed particle batches can 
be estimated.  The volume average for each mixed particle batch is listed in Table 2-2.  These 
particle diameters as well as the pressure dependent diffusion coefficients for each analyte20 
were used to determine reduced van Deemter parameters for all of the columns.  
The retentivity of the columns was evaluated by plotting the k’ of 4-methylcatechol 
(MCat) versus pressure applied.  A line of best fit was made through the data points, and the 
y-intercept of this line (k’ value at atmospheric pressure) was used when comparing the 
different columns.  The retentivity can be used to compare the relative densities of packing 
because it is directly related to the phase ratio. 
In order to evaluate the flow resistance of the columns, the pressure applied was 
divided by the length of the column, so that differences in the column lengths are normalized.  
A plot of linear velocity versus the pressure per length for each column will generate a 
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straight line.  The slope of this line will vary depending on the effective flow resistance for a 
column since all of the columns were evaluated using the same mobile phase. 
2.4 Results and Discussion 
2.4.1 Retention Factor and Flow Resistance 
 The analysis of the k’ and flow resistance data for these columns allows for the 
assessment of packing density.  From Figure 2-2, it can be seen that the retention factor for 
the most retained peak (MCat) increases as the fraction of 2 µm particles is increased.  A 
larger k’ value is indicative of a column that is more densely packed.  The analyte spends 
more time traveling through the column and undergoing partitioning events because more 
particles are present than in a column that is less densely packed.  The columns packed with 
mixed particle batches display greater retentivity as the fraction of larger particles present in 
the particle batches increases.  The values for the columns packed with 2 µm particles have 
slightly lower k’ values than the columns packed with 80% of 2 µm particles.  It appears that 
a maximum occurs here where the 80% of 2 µm particles have the highest retention values 
and then drop off with the “pure” 2 µm particles.  The 1 µm particles that are present in the 
80% fraction of 2 µm particle batch could be small enough to be able to fill some of the gaps 
between the larger 2 µm particles and thus increase the packing density for the column.  This 
would not be seen with the columns packed with only 2 µm particles because the size of the 
particles will be more uniform and would not be able to fill the gaps between the packed bed.   
 As expected, a similar trend was observed for the flow resistances of these columns.  
Flow resistance was analyzed by plotting the linear velocity versus the pressure per length of 
each column.  The data is shown in Figure 2-3.  The flow resistance was the lowest for the 
columns packed with only 2 µm particles and highest for the columns packed with 100 and 
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80 percent 1 µm particles.  As the volume percentage of small particles decreased, the flow 
resistance also decreased.  As stated in Section 2.1, the flow resistance for a column tends to 
scale with the number average particle diameter, so the columns packed with larger particles 
should have lower flow resistances.   
 If a linear line of best fit is applied to the linear velocity versus pressure per length 
data, a slope is determined for each particular column.  A plot of the slope of each line versus 
the volume percentage of small 1 µm particles is shown in Figure 2-4.  The data follows a 
somewhat parabolic shape when the particle sizes go from small 1 µm particles to large 2 µm 
particles.  However, when an experimental line (shown in red) for y = kx2 is fit to the data 
points, all of the data for the mixed particle batches fall below the line.  All of the particle 
batches were prepared using volume percentages.  Volume averages for particles sizes will 
always be larger than that of the number average, so the flow resistance for the particles 
could appear to weigh heavily on the larger particles present, thus keeping date below the 
line (Figure 2-4).  In order to accurately account for the flow resistance of these columns, the 
number averaged percentage needs to be used.  For example, if the particles comprising the 
mixed batch are 1 and 2 µm in diameter, an equal volume ratio will contain 8 times as many 
1 µm particles as 2 µm particles.  For the particles in this study (1.90 µm and 0.93 µm), an 
equal volume ratio will contain ~8.45 times as many 0.93 µm particles as 1.90 µm particles.  
So, in the case of the particle batch with 80% small particles and 20% large particles (ratio of 
8:2), there will be approximately 8 x 8.45 or 68 small particles for every 2 large particles.  
The fraction of small to large particles will then be 68/70 which gives a number averaged 
percentage of 97 for this batch.  The other number averaged percentages for the mixed 
particle batches were calculated to be 93, 85 and 68 and these values do not change for the 
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individual 1 µm particles and the 2 µm particles.  Figure 2-5 displays the slope of the flow 
resistance curves versus the number averaged percent of small particles.  The percentages are 
shifted to higher values, indicating that the flow resistance scales much better with the 
number percentages,  evident by the fact that the data points fall more closely along the 
theoretical y = kx2 line.   
2.4.2 Chromatographic Evaluation 
 All twelve columns were individually packed and run on the isocratic UHPLC setup 
as explained earlier.  The van Deemter analysis for hydroquinone of each column is shown in 
Figure 2-6.  From the van Deemter plot, one can determine many aspects about the efficiency 
and performance of the columns.  The dashed lines are the best fit lines to the van Deemter 
equation (Equation 1-12) for each column.  The A, B and C terms of the van Deemter 
equation can be experimentally determined from this line of best fit.  The van Deemter 
coefficients determined from the best fit line are listed in Table 2-4.  The A and C terms both 
have a dependence on particle diameter (defined in Equations 1-13 and 1-15) so their values 
should change with larger relative size distributions.  Since column performance scales with 
the volume averaged particle size, this will be the value that is used to determine 
experimental values for the van Deemter coefficients.  From Equation 1-14, the B term is 
independent of particle diameter, and from Table 2-4 it can be seen that the B term values 
remain fairly constant for the different columns.   
 Reduced van Deemter analysis allows columns packed with different sized particles, 
or analytes with different diffusion coefficients to be compared.  For these particle batches, 
the volume averaged particle size used to reduce the data is listed in Table 2-2.  The reduced 
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van Deemter curves for hydroquinone of each column are shown in Figure 2-7.  The reduced 
van Deemter coefficients determined from the line of best fit are listed in Table 2-5.   
2.4.2.1 Eddy Diffusion (A or a) Term 
 A better way to look at this data is to look at each individual van Deemter coefficient 
as it compares to the mixed particle batches.  Figures 2-8 shows a plot of the A term for the 
six different particle batches (0, 20, 40, 60, 80 and 100 volume percentage of 1 µm particles).  
Each point on the plot is representative of one column.  From Equation 1-13, the A term is 
proportional to dp, so the expected trend would be for the A term values to increase as the 
fraction of larger particles increase.  The A term values vary over the range of particle sizes, 
but there is a general trend that the values are increasing as the particle diameter gets larger.  
This is similar to how k’ changed as the percentage of larger particles increased.  The 
columns that had higher k’ values (higher packing density) also had high A term values.  Any 
changes in the structure of the packed bed will affect the van Deemter contribution from the 
A term.  In addition, the columns packed with only 2 µm particles have lower A term values 
than the columns packed with 80% 2 µm particles.  This follows the same trend that was 
observed with k’.  The reproducibility between two columns packed with the same particles 
is not good (differences in the points on Figure 2-8), and this could be attributed to the 
column packing process.  In some cases, instead of having the two batches of particles mix to 
form a uniform particle size, the particles packed individually as observed during the packing 
process.  A plug of 1 µm particles would pack in the column and then a plug of the 2 µm 
particles would pack.  The particles did not form a uniform homogeneous mixture and 
packed as individual sizes.  This would allow for differences in the flow paths that the 
analyte could take during the course of the run, thus causing changes in the A term.   
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In addition, the A term values for the two columns packed with only 1 µm particles 
are both negative.  This is due to fitting of the van Deemter equation to the experimental data 
points.  Non-reduced van Deemter coefficients do not take the pressure dependency of the 
diffusion coefficient into account when determining the values.  Because of this, the fit for 
the C term will have a larger slope, thus decreasing the y-intercept (A term) to potentially 
negative values.  Using the volume averaged particle diameter (0.978 µm), and changing the 
diffusion coefficient with pressure as determined by Kaiser, et. al.20, the reduced a-term 
values are 0.34 and 0.30 for the two columns packed with only 1 µm particles.  The varying 
diffusion coefficients result in a fit to a van Deemter with a lower slope, such that the 
reduced a-term values are positive. 
Figure 2-9 shows a plot of the reduced a term versus the six different particle batch 
percentages.  The reduced a term values follow the same trend that was observed with the 
non-reduced van Deemter data.  As the average particle size increases, the a term values 
increase until they reach a maximum, however, the values fall off at a slow rate.  The particle 
batches that have a mostly 2 µm particles present have the highest a term values.  These are 
also the columns that have the highest k’ values which indicates a more dense packing.  The 
particles are packed together more tightly, so the diffusion across the column will be slower.  
Diffusion across the multiple flow paths will be slower, thus broadening the analyte peaks, 
which would show up as an increase in the van Deemter a term. 
2.4.2.2 Longitudinal Diffusion 
 The B term values for the mixed particles batches remained relatively constant 
between the twelve different columns (Figure 2-10).  There is a slight downward trend as the 
amount of large particles increases.  This relates to the relative packing density for these 
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columns.  The B term is defined by 2γDM, where γ is the tortuosity factor to account for the 
obstruction of diffusion in a packed bed.  Columns that have a higher packing density are 
going to have more obstructions in the packed bed.  This will cause the diffusion to be 
slightly slower in the columns that have higher packing densities.  In the case of the B term, 
slower diffusion through the column results in lower B term values.  Reduced van Deemter 
values follow the same downward trend that was observed with the non-reduced van 
Deemter B term as shown in Figure 2-11.   
2.4.2.3 Resistance to Mass Transfer 
Figure 2-12 displays how the C term changes with the different mixed particle 
batches.  The C term values for the columns packed with only 1 µm particles should have the 
lowest C term values, and the columns packed with the 2 µm particles should have the 
highest C terms.  Since HC is proportional to dp2, there should be a fourfold increase in the C 
term values.  However, this is not the case.  Using the equation for the mobile phase C term, 
 
And substituting χ = 10, dp,v for each particle size extreme (0.978 and 2.04 µm), k’ = 0.2 for 
hydroquinone and DM = 8.0·10-6 cm2/s, theoretical C term values can be generated.  For the 
case of 1 µm particles, the theoretical C term should be 0.22·10-3 s, and for the 2 µm particles 
the theoretical C term should be 0.95·10-3 s as indicated by the dotted lines in Figure 2-12.  
The 1 µm particles did not perform as well as theory suggests.  The C term values were about 
three times larger than the theoretical values.  The larger than expected values can be 
attributed to the column packing process which will be discussed more in depth in Chapter 4.  
 The 2 µm particles have C term values approximately 10% lower than what the 
expected C term value would be for particles of that size indicating that these columns are 
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well packed.  Interestingly, as the percentage of small particles decreases, the C term values 
remain the same until the particle batches have a majority of large particles, and then there is 
an increase to higher C term values.  A maximum C term is reached for the columns packed 
with 80% 2 µm particles, which was the same trend that was seen for both k’ and A term 
values.   
Taking a look at the reduced c term values for each particle batch (Figure 2-13) 
shows that the reduced c term value for the columns packed with only 1 µm particles have 
the highest values and the columns packed with 2 µm particles have the lowest reduced c 
term values.  Since the data is in reduced parameters, particle diameter is no longer a factor 
in the dimensionless c term.  Columns packed with the larger particles outperform the 
columns packed with mostly 1 µm particles.  The reduced c term values for a well packed 
column is ~ 0.1, and the columns packed with 2 µm particles are approaching this value.  
Referring back to Chapter 1, the linear velocity that we have measured for these experiments 
is not the actual interstitial velocity for the column and as an approximation the measured 
linear velocity can be doubled in order to obtain a more accurate estimate of the interstitial 
velocity.  This would increase the b term values by a factor of two and it would decrease the 
c term values by half.  Making this approximation for the 2 µm particles discussed above, the 
reduced c term values would be approaching ~0.08, which shows that these particles 
produced very well packed columns. 
This leads us to believe that the column packing procedure, while it works very well 
for larger particles, does not lead to efficient columns for 1 µm particles.  The next two 
chapters will discuss how the packing procedure can be improved in order to increase column 
efficiency for the 1 µm particles.  The reduced c term values for the two particle batches that 
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have only 20 and 40% of 1 µm particles present are slightly higher than the columns packed 
with only 2 µm particles.  These columns have shown to have higher packing densities as 
well as higher a term values than the 2 µm particles, so the increased packing density may 
also be related to the increased c term values for these columns.   
2.4.2.4 Optimum Linear Velocity and Minimum Plate Height 
It is also important to look at how the minimum plate height (Hmin) changes with each 
mixed particle batch.  The Hmin values for the twelve columns are shown in Figure 2-14.  
From Equation 2-1 the expected values for Hmin should be around 2 µm and 4 µm for the 1 
µm particles and 2 µm particles, respectively.  The Hmin values for the 1 µm particles are 
about 1.9 µm and in good agreement with theory.  The 2 µm particles gave a Hmin value of 
about 3 µm which is lower than ~2dp.  As shown in Figure 2-14, by decreasing the amount of 
small particles present in the packed bed, the Hmin values increase with increasing overall 
particle diameter.  As seen previously with the C term values, the larger 2 µm particles are 
again outperforming in a relative sense the smaller particles, as indicated by their low Hmin 
values.  The reduced hmin values for each column are shown in Figure 2-15.  The hmin values 
for a well packed column should be ~2.  As the proportion of large 2 µm particles increase in 
the particle batches, the hmin values decrease.  All of the hmin values for the mixed particle 
columns are below 2 (as indicated by the red dotted line in Figure 2-15) which are all in 
agreement with theory1, 21.  The values for the 2 µm particles are the lowest, which again 
demonstrate in a relative sense that they are outperforming the 1 µm particles. 
With every minimum plate height, there is an associated optimal linear velocity 
where the minimum occurs.  This optimal linear velocity (uopt) can be calculated from the 
following equation: 
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Figure 2-16 shows how the uopt changes with the six different mixed particle batches.  The 
particle batches that have a majority of smaller particles have a higher optimal linear 
velocity, which allows for faster analysis times.  As the average particle size shifts to much 
larger particles, a decrease in the uopt is observed.   
 However, the optimal reduced velocity, vopt, increases as the particle size increases 
(Figure 2-17).  The optimum reduced linear velocity for a well packed column is 
approximately 31.  The optimum value for the columns packed with 1 µm particles is around 
2 and as the average particle size increases the optimum reduced velocity shifts to a value 
closer to 3.  The optimum reduced velocities are slower than theory predicts for the 1 µm 
particles, indicating that the column packing for 1 µm particles is not good.  The larger 2 µm 
particles yielded columns with better performance (reduced optimum velocities approaching 
3) than the nominal 1 µm particles. 
2.5 Conclusions 
 Although the chromatographic results show that the smaller particles have higher 
optimum linear velocities and lower minimum plate heights using the non reduced van 
Deemter equation, the larger particles performed better in a relative sense than the smaller 
particles.  The addition of a small amount of large particles into the nominally 1.0 µm 
particle batch did not have a significant effect on the column performance or packing density 
of the columns.  Likewise, a small amount of small particles did not completely plug the 
column.  There was an increase in the k’ for the particle batch that had a small amount of l.0 
µm particles in the nominally 2.0 µm batch indicating that the small particles were filling 
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some of the voids between the 2.0 µm particles.  The c term values were higher than 
expected for the smaller 1 µm particles.  In addition, the larger 2 µm particles yielded 
columns with low c term values which were near values that would be expected for well 
packed columns.  We believe that the column packing process, specifically the slurry solvent 
used for packing, affects how the packed bed is formed and the overall column performance.  
This will be discussed in more detail in Chapter 4. 
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2.7 Tables and Figures 
 
 
Particle Batch NLL-8-57 Acquity #111A 
UNC dp,n ± σ (µm) 0.933 ± 0.12 1.90 ± 0.30 
UNC dp,v (µm) 0.978 2.04 
UNC RSD 13% 16% 
UNC n (# particles) 339 351 
Waters dp,n ± σ (µm) 0.915 ± 0.14 "1.7" 
Waters dp,v (µm) 0.997 - 
Waters RSD 15% - 
% Carbon (w/w) 17.49 17.89 
Specific Surface Area 
(m2/g) 174 194 
Specific Pore Volume 
(mL/g) 0.63 0.73 
dpore (nm) 13.4 13.3 
 
Table 2-1. Properties of the two individual porous BEH particles used for chromatographic 
analysis.  The number averaged (dp,n) and volume averaged (dp,v) particle sizes were 
determined using SEM imaging.  The carbon percentage, specific surface area (ASS), specific 
pore volume (VP) and pore diameter were supplied by Waters Corporation.   
 
 
  
44 
 
 
Weight 
Percentage of 
Small 
Particles 
Volume 
Percentage of 
Small 
Particles 
Volume 
Average Size 
(µm) 
100 100 0.978 
80 79 1.18 
60 58 1.38 
40 38 1.59 
20 19 1.81 
0 0 2.04 
 
Table 2-2.  The weight and volume percentages for the mixed particles batches are listed in 
the first two columns.  The volume average size for the mixed particle batches is listed in the 
last column. 
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Volume Percentage of 
Small Particles Column Length (cm) 
100 
16.8 
17.3 
80 
21.8 
18.6 
60 
16.8 
17.3 
40 
19.3 
18.9 
20 
24.7 
25.7 
0 
29.0 
29.5 
 
Table 2-3.  Two columns for each mixed particle batch were used for chromatographic 
analysis.  The table includes the different column lengths for each column. 
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 Volume Percentage of Small Particles 
Van 
Deemter 
Coefficients 
100 80 60 40 20 0 
A (cm) 
-0.52·10-5 2.18·10-5 3.90·10-5 5.28·10-5 5.35·10-5 10.9·10-5 
-2.89·10-5 1.32·10-5 7.86·10-5 9.02·10-5 10.1·10-5 8.85·10-5 
B (cm2/s) 
1.54·10-5 1.40·10-5 1.40·10-5 1.40·10-5 1.41·10-5 1.26·10-5 
1.66·10-5 1.47·10-5 1.37·10-5 1.16·10-5 1.33·10-5 1.33·10-5 
C (s) 
0.62·10-3 0.54·10-3 0.67·10-3 0.87·10-3 0.95·10-3 0.88·10-3 
0.73·10-3 0.66·10-3 0.60·10-3 0.91·10-3 1.01·10-3 0.81·10-3 
 
 
Table 2-4.  van Deemter coefficients for HQ for each mixed particle batch. 
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 Volume Percentage of Small Particles 
Reduced van 
Deemter 
Coefficients 
100 80 60 40 20 0 
a 
0.34 0.33 0.56 0.59 0.53 0.72 
0.29 0.44 0.87 0.82 0.79 0.53 
b 
1.56 1.52 1.42 1.40 1.40 1.21 
1.56 1.49 1.34 1.15 1.32 1.38 
c 
0.41 0.29 0.22 0.23 0.20 0.16 
0.45 0.30 0.20 0.25 0.21 0.15 
 
Table 2-5.  Reduced van Deemter coefficients for mixed particle batches. The value 0.978 
µm was used to reduced the 100% small particles and 2.04 µm was used to reduced the 0% 
small particles. For the mixed particle batches, 1.18 µm (80% small), 1.38 µm (60% small), 
1.59 µm (40% small), and 1.81 µm (20% small) were used to reduce the data. 
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(a)                                                                     (b) 
 NLL-8-57 
 Acquity 111A 
 
 
Figure 2-1. (a) Particle size histograms (b) and SEM images for the NLL-8-57 BEH particle 
batch and Acquity 111A BEH particle batch .(a) Particle size histograms; Blue: dp,n  = 0.933 
± 0.12 µm and dp,v = 0.978 µm; Green: dp,n 1.90 ± 0.30 µm, dp,v = 2.04 µm. (b)The top SEM 
image is for the 1 µm  NLL-8-57 BEH particle batch and the bottom  is for the 2 µm Acquity 
BEH particles. 
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Figure 2-2. Retention factor (k’) for MCat versus the volume percentage of the small 1 µm 
particles.  Each point represents one chromatographic column.  This figure illustrates how the 
retention factor for a highly retained analyte varies as the average particle size shifts from 
0.933 µm to 1.90 µm. 
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Figure 2-3. Linear velocity versus pressure per length for the six particle size distributions.  
Volume percentage of small 1 µm particles: 100 (red), 80 (blue), 60 (green), 40 (pink), 20 
(orange), and 0 (grey).  A linear line is fitted to the data sets to in order to determine the 
slopes for each line.  The higher the slope of the line is, the lower the flow resistance is for 
the relative column.  
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Figure 2-4. Slope of the linear velocity versus pressure per length versus the volume 
percentage of the small 1 µm particles.  Each point represents one chromatographic column.  
A theoretical line given by the equation y=kx2 is shown in red.  
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Figure 2-5. Slope of the linear velocity versus pressure per length versus the number 
percentage of the small 1 µm particles.  Each point represents one chromatographic column.  
A theoretical line given by the equation y=kx2 is shown in red.  
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Figure 2-6. van Deemter column performance evaluation for HQ for the mixed particle 
batches, a total of twelve columns.  100 percent small particles (red), 80 percent (blue), 60 
percent (green), 40 percent (pink), 20 percent (yellow) and 0 percent (gray). 
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Figure 2-7. Reduced van Deemter column performance evaluation of HQ for the mixed 
particle batches, a total of twelve columns.  The value 0.978 µm was used to reduce the 
100% small particles and 2.04 µm was used to reduce the 0% small particles. For the mixed 
particle batches, 1.18 µm (80% small), 1.38 µm (60% small), 1.59 µm (40% small), and 1.81 
µm (20% small) were used to reduce the data. 
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Figure 2-8. van Deemter A term for HQ versus the volume percentage of the small 1 µm 
particles.  Each point represents one chromatographic column.  This figure illustrates how the 
van Deemter A term changes as the average particle size changes from 0.978 µm to 2.04 µm. 
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Figure 2-9. Reduced van Deemter a term for HQ versus the volume percentage of the small 1 
µm particles.  Each point represents one chromatographic column.  This figure illustrates 
how the van Deemter a term changes as the average particle size changes from 0.978 µm to 
2.04 µm. The value 0.978 µm was used to reduce the 100% small particles and 2.04 µm was 
used to reduce the 0% small particles. For the mixed particle batches, 1.18 µm (80% small), 
1.38 µm (60% small), 1.59 µm (40% small), and 1.81 µm (20% small) were used to reduce 
the data. 
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Figure 2-10. van Deemter B term for HQ versus the volume percentage of the small 1 µm 
particles.  Each point represents one chromatographic column.  This figure illustrates how the 
van Deemter B term changes as the average particle size changes from 0.978 µm to 2.04 µm. 
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Figure 2-11. Reduced van Deemter b term for HQ versus the volume percentage of the small 
1 µm particles.  Each point represents one chromatographic column.  This figure illustrates 
how the van Deemter b term changes as the average particle size changes from 0.978 µm to 
2.04 µm. The value 0.978 µm was used to reduce the 100% small particles and 2.04 µm was 
used to reduce the 0% small particles. For the mixed particle batches, 1.18 µm (80% small), 
1.38 µm (60% small), 1.59 µm (40% small), and 1.81 µm (20% small) were used to reduce 
the data. 
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Figure 2-12. van Deemter C term for HQ versus the volume percentage of the small 1 µm 
particles.  Each point represents one chromatographic column.  This figure illustrates how the 
van Deemter C term changes as the average particle size changes from 0.978 µm to 2.04 µm.  
The theoretical values for the van Deemter C term for the 1 µm and 2 µm particles are 
0.22·10-3 s (blue dotted line) and 0.95·10-3(red dotted line), respectively. 
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Figure 2-13. Reduced van Deemter c term for HQ versus the volume percentage of the small 
1 µm particles.  Each point represents one chromatographic column.  This figure illustrates 
how the van Deemter c term changes as the average particle size changes from 0.978 µm to 
2.04 µm. The value 0.978 µm was used to reduce the 100% small particles and 2.04 µm was 
used to reduce the 0% small particles. For the mixed particle batches, 1.18 µm (80% small), 
1.38 µm (60% small), 1.59 µm (40% small), and 1.81 µm (20% small) were used to reduce 
the data. 
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Figure 2-14. Minimum plate height (Hmin) for HQ versus the volume percentage of the small 
1 µm particles.  Each point represents one chromatographic column.  This figure illustrates 
how Hmin changes as the average particle size shifts from 0.978 µm to 2.04 µm. Hmin is 
approximated equal to 2dp, therefore, the theoretical values of Hmin are 1.96 µm (blue dotted 
line) and 4.1 µm (red dotted line) for the 1 µm and 2 µm particles, respectively. 
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Figure 2-15. Reduced minimum plate height (hmin) for HQ versus the volume percentage of 
the small 1 µm particles.  Each point represents one chromatographic column.  The red 
dotted line shows where hmin ~2.  This figure illustrates how hmin changes as the average 
particle size shifts from 0.978 µm to 2.04 µm. The value 0.978 µm was used to reduce the 
100% small particles and 2.04 µm was used to reduce the 0% small particles. For the mixed 
particle batches, 1.18 µm (80% small), 1.38 µm (60% small), 1.59 µm (40% small), and 1.81 
µm (20% small) were used to reduce the data. 
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Figure 2-16. Optimum linear velocity (uopt) versus the volume percentage of the small 1 µm 
particles.  Each point represents one chromatographic column.  This figure illustrates how 
uopt changes as the average particle size shifts from 0.978 µm to 2.04 µm. 
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Figure 2-17. Reduced optimum linear velocity (vopt) versus the volume percentage of the 
small 1 µm particles.  Each point represents one chromatographic column.  This figure 
illustrates how vopt changes as the average particle size shifts from 0.978 µm to 2.04 µm. The 
value 0.978 µm was used to reduce the 100% small particles and 2.04 µm was used to reduce 
the 0% small particles. For the mixed particle batches, 1.18 µm (80% small), 1.38 µm (60% 
small), 1.59 µm (40% small), and 1.81 µm (20% small) were used to reduce the data. 
 
 
 
 
 
3 THE USE OF ULTRASOUND TO AID IN BED COMPACTION 
 
3.1 Introduction 
 The ability to pack columns with particles of diameter smaller than 10 µm was a 
major breakthrough in the history of HPLC.  The development of highly efficient columns 
for high resolution and high speed chromatographic analysis is a fundamental research goal 
for liquid chromatography.  In order to improve column performance, much work has been 
done on developing optimized packing methods and reducing column diameters1-3.  Novotny 
has shown that highly efficient capillary LC columns demonstrated numerous advantages 
over columns packed with large bore (4.6 mm) inner diameters (ID)4.  The packing methods 
for these columns, however, have received little study and some methods are found to be 
contradictory.  Oftentimes, the packing method is regarded as more of an art than a science 
leaving many questions about how packing occurs unresolved3. 
 There are many different methods used for delivering packing material into capillary 
columns.  Some examples are dry packing, packing with supercritical carbon dioxide and 
slurry packing5.  In dry packing, the packing material is added into the column and either 
vibration or tapping methods are used to allow the material to settle and also to pack at low 
pressures2.  Dry packing techniques work well for particles larger than 20 µm, however, as 
the particle sizes decrease to 10 µm, the particles tend to bind together producing poor 
columns6.   Slurry packing methods are the most commonly employed method and are 
successful in preparing both large bore and capillary columns.  In this technique, a slurry 
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containing the packing material is pushed into a column by a solvent under pressure.  The 
solvents most commonly used are acetone, methyl ethyl ketone, tetrahydrofuran and 
methanol1.  Properties of the slurry, packed bed and filtration regime all have an influence on 
the result of the packing.  Packing with supercritical carbon dioxide is similar to slurry 
packing but supercritical carbon dioxide has a lower viscosity than liquids used in slurry 
packing5.  The low viscosity allows for greater particle movement than in slurry packing 
which is claimed to reduce the fluctuations in packing density.  Due to the greater complexity 
of the setup for supercritical fluids, we employ liquid slurry packing techniques to pack 
capillary columns.  Reduced column plate heights of 1.6 have been achieved for columns 
packed in 50 µm inner diameter (ID) capillaries with 1.5 µm particles7.  We believe that the 
same packing techniques used for the 1.5 µm particles will also work for smaller 1.0 µm 
particles. 
 The slurry packing process was developed in the mid sixties when it was realized that 
a dense and homogeneous column bed was required in order to achieve high efficiency 
separations in HPLC2.  The column stability and its performance are directly related to the 
stability of the packed bed formed.  Loose packing causes instability due to the collapse of 
the packed bed during use3.  There have also been many studies that have shown that there 
are two “wall effects” that disrupt the packed bed of particles8-11.  The first effect is purely a 
geometrical wall effect.  It is a direct result of the inability for the packing material to form a 
close packed structure near the wall of the capillary.  The second wall effect causes a 
variation in the migration rate of the analyte band in the region near the wall11.  The 
properties of the packing material, such as particle size distribution, and the column diameter 
can determine how the “wall effects” hurt the stability of the column.   
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 There are a large number of variables that affect the packing procedure, such as 
solvent selection, packing pressure and slurry composition.  The selection of a good slurry 
solvent is very important for the overall performance of a column.  This will be addressed in 
greater detail in Chapter 4.  One problem that can occur using packing materials in the 
micron range is that they can aggregate when they are suspended in a solvent.  If the particles 
are grouped together as an aggregate they will not pack individually which may lead to voids 
in the packed bed.  Also, the particles can pack in a non-uniform manner with a low 
coordination number.  When aggregates are present, it is more difficult for the particles to 
interact and fill these voids.  One method for reducing particle aggregation is sonication.  The 
use of ultrasonic waves during and after packing should allow for the breakup of these 
aggregates, thus filling the voids left in the packing.  In addition, sonication should allow for 
increasing the coordination number of the packing3.  A diagram of these two scenarios is 
shown in Figure 3-1.  Using energy from the ultrasonic wave particles can slip past each 
other with greater ease resulting in more dense and homogeneous packing3.  Ehlert et. al. has 
shown that further consolidating the packed bed in capillary columns in an ultrasonic bath for 
4 minutes after slurry packing results in stable bed composition and reduced plate heights of 
a little over 38.   
 For conventional HPLC columns it is common practice for the particles to be “slam 
packed”1.  This procedure involves quickly packing a slurry of particles by initiating the 
packing process with the maximum pressure to be used, rather than increasing the pressure 
gradually, in order to generate a dense packing structure.  This packing process can be done 
very quickly because the conventional stainless steel columns are relatively short and have a 
high aspect ratio of column to particle diameter.  In order to compress the bed of packed 
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capillary columns, the column will be placed in an ultrasonic bath for a short period of time 
to move the loosely packed particles around, at which time the pressure can be rapidly 
applied at a high pressure to form a more densely packed structure.   
The research presented in this chapter describes experiments using an ultrasonic bath 
to aid in column bed compaction.  Experiments have been performed using an ultrasonic bath 
during and after the packing process.  It is important to note that porous particles are 
somewhat fragile so exposing them to ultrasonic energy for long exposure times will cause 
the particles to break apart. 
3.2 Experimental 
3.2.1 Chemicals 
 HPLC grade acetone, HPLC grade acetonitrile, HPLC grade toluene, ACS grade l-
ascorbic acid and 8-12 mesh molecular sieves were used as received from Fisher Scientific 
(Fair Lawn, NJ).  Deionized water was obtained from a Nanopure ultrapure water system 
(Barnstead International, Dubuque, IA).  Octadecyltrichlorosilane and trimethylchlorosilane 
were used as received from Gelest, Inc. (Gibbstown, PA).  Ammonium acetate was used as 
received from Fluka BioChemika (Netherlands).  Pyridine was used as received from Aldrich 
Chemical Company (Milwaukee, WI) and hydrochloric acid (HCl) was used as received 
from Sigma Aldrich Chemical Company (St. Louis, MO).   
3.2.2 Bridged Ethyl Hybrid Micron Particles 
Three different 1.0 µm particle batches, each provided by Waters Corporation 
(Milford, MA) were used for the ultrasonic bath experiments. Table 3-1 describes the particle 
information for each particle batch used.  For the bulk of the experiments the particle batch 
KDW-4-103-CO was used.  These particles have a dp,n = 0.85 µm with RSD of 21%, and dp,v 
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= 0.96 µm.  The particles were received from Waters Corporation as bare silica particles.  
The particles were bonded following a method derived from US Patent 6,686,03512.  First, 
approximately 1 g of particles were refluxed in 1 M hydrochloric acid (HCl) for twenty 
hours, washed with water until neutral pH (about four washes), washed once with acetone 
and dried in a vacuum oven at 80°C overnight.  The particles were then suspended in 10 mL 
of dry toluene (with added 8-12 mesh molecular sieves) and sonicated for 15 minutes.  
Approximately 160 µL of pyridine and 670 µL of octadecyltrichlorosilane (ODS) were added 
to the particle suspension and refluxed for 4 hours.  The particles were washed twice with 
each of the following solvents: toluene, 1:1 (v/v) acetone/water and acetone.  After the last 
wash, the particles were suspended in a 4.5:1 (v/v) acetone/0.12 M ammonium acetate 
solution and heated at 60°C for three hours.  The particles where then washed with acetone 
(x2) and dried at 80°C in a vacuum oven overnight.  The last step of the bonding procedure is 
to end-cap the free silanols on the silica particles.  The particles were suspended in 5 mL of 
toluene and sonicated for ten minutes.  Next, approximately 450 µL of pyridine and 570 µL 
of trimethylchlorosilane (large excess) were added to the particle suspension and refluxed for 
three hours.  The particles were then washed twice with toluene and acetone and placed in 
the vacuum oven at 80°C overnight to dry.  After drying, the particles were ready for 
chromatographic use. 
The other two batches of nominally 1.0 µm particles used for these experiments were 
KDW-4-36 and NLL-8-57.  Both of these particle batches were supplied by Waters 
Corporation and were already bonded with C18 stationary phase when received.  The KDW-
4-36 particles have a dp,n= 0.98 µm with RSD of 19% and dp,v = 1.07 µm.  The NLL-8-57 
particles have a dp,n= 0.933 µm with RSD of 13% and dp,v = 0.978 µm.  
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3.2.3 Sonication of Capillary during Packing 
The columns discussed in this chapter used the same general method for fritting and 
packing that was described in Section 2.3.3.  A schematic of the packing setup with 
sonication is shown in Figure 3-2.  Two different methods were used for sonication during 
the packing process.  In the first method, a fused silica capillary (Polymicro Technologies, 
Inc., Phoenix, AZ) with inner diameter (ID) of 30 µm and outer diameter (OD) of 360 µm 
approximately 1 m in length was connected to the column packing bomb.  The column was 
placed in the ultrasonic bath (Cole-Parmer 8891 Ultrasonic Cleaner, Vernon Hills, IL) with 
the outlet frit placed outside the bath to prevent damage to the outlet frit.  The rest of the 
capillary was placed underneath the water.  Ideally, ultrasonication will allow particles that 
are not tightly packed to move around until they reach a region of the packed bed where they 
form a densely packed structure.  After the packing was initiated at low pressure and 3 cm of 
bed had formed, the ultrasonic bath was turned on for 10 second periods at ten minute 
intervals.  This continued until approximately 13 cm of packed bed had formed and then the 
intervals were increased to twenty minutes.  As more packed bed forms, the flow through the 
capillary decreases which slows down the rate at which the packed bed forms.  The porous 
particles are, however, somewhat fragile so exposing them to the ultrasonic energy for too 
long will cause the particles to break up.   
The second method used the same packing setup shown in Figure 3-2 but the length 
of the capillary used to pack the column was much longer.  In this method, a longer capillary 
of about 3.5 meters was used to pack the column.  Approximately 3 m of coiled capillary was 
covered with Teflon tubing and held in place in the ultrasonic bath.  The Teflon tubing was 
used to protect the capillary from breaking during extended sonication.  The last half meter 
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was left outside of the ultrasonic bath so that the packed bed that was formed did not 
experience any ultrasonic energy.  For this method, the ultrasonic bath was turned on the 
entirety of the packing process.  The idea behind using a longer capillary to pack the 
capillary column was to help break up any aggregates that might have formed in the slurry.  
The particles would pass through the capillary undergoing sonication and then form the 
packed bed outside of the ultrasonic bath.  This method will be referred to as “sonication 
prior to packing” in order to differentiate between the two methods.  
3.2.4 Sonication of Column after Packing 
 The columns described for this set of experiments followed the same packing 
procedure as described in Section 2.3.3.  There were three different methods used for 
sonicating the column after the packing procedure was complete: sonication at 30,000 psi for 
5 minutes in one direction, sonication at 30,000 psi for 5 minutes in both directions, and 
sonication at 30,000 for 30 minutes in both directions.   
 The setup for using an ultrasonic bath for these procedures is shown in Figure 3-3.  A 
reservoir of 50/50 ACN/water + 0.1% TFA was used as the mobile phase for these 
experiments.  A triple stage pneumatic amplifier pump (Haskel Inc., Huntington Beach, CA) 
was used to apply a pressure of 30,000 psi at the head of the column.  The column is held in 
place with the same UHPLC fitting that is used for the isocratic analysis13, 14.  The column is 
then placed in the ultrasonic bath with the outlet frit sitting just outside of the bath.  After the 
pressure is applied the ultrasonic bath is turned on for the desired amount of time.  Once the 
sonication is complete, the pressure is first released from the pump, and then slowly released 
from the pressure release valve for approximately ten minutes.  Once the column is 
completely depressurized it can be removed from the apparatus.  A gap was formed at the 
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head of the column because the applied pressure and ultrasonic energy succeeded in 
compaction of the bed.  The gap was removed by clipping the capillary where the gap 
formed, and then making a new inlet frit with a Kasil/formamide mixture.  In the case of 
using sonication of the column in both directions, the column was turned around so that the 
original outlet of the column was now where the inlet of the column used to be.  A diagram 
of this is shown in Figure 3-4.  The column was sonicated for 5 minutes in each direction, 
and this procedure was repeated a second time to give a total sonication time of twenty 
minutes.  Further experimentation evaluated sonicating the column for thirty minutes in each 
direction (1 hour total).   
3.2.5 Column Evaluation 
 The columns used for this experiment were evaluated on their chromatographic 
performance, flow resistance and packing density.  A five standard component mixture 
(approximately 200 µM) consisting of ascorbic acid, used as the dead time marker, 
hydroquinone (HQ), resorcinol (Res), catechol (Cat), and 4-methyl catechol (MCat) were 
used to evaluate the chromatographic performance of each column.  The sample was 
analyzed at different mobile phase linear velocities.  The mobile phase used for these 
experiments consisted of 50/50 acetonitrile/deionized water with 0.1% TFA added as an 
electrolyte.  The same isocratic UHPLC apparatus described in Section 2.3.4 was used for 
these experiments.  The plate counts were determined using an iterative statistical moments 
algorithm15, allowing van Deemter plots of plate height versus mobile phase linear velocity 
to be made.  All columns were evaluated using reduced parameters as described in equations 
1-18 and 1-19.  The diffusion coefficients for each retained analyte were corrected for 
pressure and used to calculate the reduced linear velocity for each run16.  The particle 
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diameters that were used to calculate the reduced plate height were the volume averaged 
particle diameters (dp,v).   
 The retentivity of the columns was evaluated by plotting the k’ of 4-methyl catechol 
(most retained analyte) versus pressure applied.  The density of packing can be measured 
from the column retentivity because it is directly related to the phase ratio.   
 The flow resistance of the columns was evaluated by plotting the mobile phase linear 
velocity versus the pressure per length for each column.  The pressure applied was divided by 
the length of the column in order to normalize differences in column length between two 
different columns.  The plot will generate a straight line and the differences in the slopes 
between these lines will indicate the relative flow resistance for each column. 
3.3 Results and Discussion 
3.3.1 Sonication of Capillary during Packing  
3.3.1.1 Chromatographic Evaluation for Sonication during Packing 
 KDW-4-103-CO particles were used to pack an 18.8 cm long column with sonication 
during the packing process.  This column experienced ultrasonic waves for 10 seconds at 
intervals of ten or twenty minutes.  A second control column, 18.7 cm long, was packed 
under normal conditions (no sonication) with the same particles to use as a comparison 
between the different packing processes.  The goal of the experiment was to use the 
ultrasonic waves to help break apart the aggregated particles of the slurry as they passed 
through the capillary and compress the packed bed such that chromatographic performance 
would improve.  However, the chromatographic performance did not improve when 
ultrasonic energy was used during the packing procedure.  The hmin values and reduced van 
Deemter coefficients for hydroquinone for these columns are listed in Table 3-2.  The van 
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Deemter a and b terms are appropriate values expected for well packed columns, however, 
the c term values for the column that was sonicated during packing is significantly larger 
than what would be expected for well packed columns1.   
3.3.1.2 Chromatographic Evaluation for Sonication Prior to Packing 
 An 18.5 cm long column with KDW-4-103-CO particles was packed following the 
procedure described in the experimental section using sonication of a 3.5 m capillary prior to 
column packing outside of the ultrasonic bath.  The chromatographic evaluation of this 
column was compared to both the column that was sonicated during the packing process as 
well as the column packed under normal conditions.  For the column packed using sonication 
prior to packing, the hmin value for hydroquinone is ~ 2.8 which is slightly higher than what 
would be expected.  The hmin values and reduced van Deemter coefficients for hydroquinone 
are listed in Table 3-2.  The c term is significantly lower than what was observed for the 
column that was sonicated during packing, however, it is not as low as the column packed 
under typical (no sonication) packing conditions.  Figure 3-5 illustrates the reduced van 
Deemter plots for the 18.8 cm column sonicated during packing, the 18.7 cm column packed 
under normal conditions (no sonication) and for the 18.5 cm column packed with sonicating 
prior to packing.  As indicated by the values in Table 3-2 the column packed under normal 
packing conditions (no sonication) gave the best column performance.  Even though the 
minimum plate heights for the 18.7 cm column and the 18.5 cm column packed using 
sonicating prior to packing are the same, the reduced c term value is slightly lower for the 
18.7 cm column packed under normal (no sonication) conditions.  A chromatogram for the 
18.7 cm long column packed under normal conditions is shown in Figure 3-6.  The last two 
peaks are slightly tailed with skew values above 0.2.  The tailing is seen with all of the 
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columns packed with the KDW-4-103-CO particles.  Determining plate counts from tailed 
peaks is apt to give misleading results as regards to packing efficiency.  The most likely 
cause for the tailing is due to the endcapping step of the bonding procedure.  If there are free 
silanols accessible on the silica surface that were not covered in this step, the analyte will be 
attracted to the silanols and not want to leave.  The majority of the analyte molecules will 
continue down the length of the column, but some will remain on the surface.  This will 
cause the resulting chromatography peaks to be tailed.  The particles that were bonded by 
Waters Corporation do not show this tailing effect. 
 The NLL-8-57 particles have a slightly more narrow size distribution with a RSD of 
13% and have given decent performance for 1.0 µm sized particles.  A reduced van Deemter 
curve of hydroquinone for a 16.8 cm long column x 30 µm ID packed with NLL-8-57 
particles under normal conditions is shown in Figure 3-7.  The hmin value for hydroquinone is 
~2 which is expected for capillary columns packed with micron sized particles.  The reduced 
van Deemter curves for hydroquinone for two columns (14.5 cm and 15.6 cm) packed with 
these particles using sonication of the capillary prior to packing is shown in Figure 3-7.  
From these three curves, one can see that the use of sonication prior to packing has a slight 
negative effect on the performance of the column.  From both sets of data, one can conclude 
that the use of limited sonication during the packing procedure does not improve column 
performance.   
3.3.1.3 Density of Packing for Columns Packed with KDW-4-103-CO 
The analysis of the k’ and flow resistance for these columns allows for the assessment 
of packing density.  A plot of k’ for 4-methyl catechol versus the pressure applied for each 
column is shown in Figure 3-8.  The black dots are the data from the column that was 
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sonicated during the packing process, the red dots are the data from the column packed using 
sonication prior to packing and the blue dots are from the column packed under normal 
packing (no sonication) conditions.  The k’ values are higher for the columns that 
experienced any ultrasonic energy during packing, an indication that the column is more 
densely packed.  The use of the ultrasonic bath during sonication did aid in compacting the 
packed beds, however, the chromatographic performance for these columns suffered.   
 In addition, the flow resistance for the three columns can be compared by plotting the 
mobile phase linear velocity versus the pressure per unit length.  This is illustrated in Figure 
3-9.  The figure shows that the column that was sonicated during packing needs a higher 
pressure in order to run at the same mobile phase linear velocity as the column packed under 
normal conditions.  This indicates that the column that was sonicated during packing has a 
higher flow resistance which agrees with the k’ data that the column is more densely packed.  
There are two possible reasons for why the flow resistance and k’ values are higher for the 
column sonicated during packing.  The first is that the ultrasound has aided in compacting the 
bed, resulting in a dense packing.  The second is that the ultrasonic energy has broken the 
porous particles into smaller pieces (fines) which are able to fill the gaps between the packed 
particles, thus resulting in a more dense packing.  The higher k’ values and increased flow 
resistance could be due either both of these mechanisms or just one of them.  The only way 
to be sure would be to extrude the packed bed from the capillary and examine the packing 
using microscopy.  
3.3.1.4 Density of Packing for Columns Packed with NLL-8-57 
 Figure 3-10 shows the plot of k’ for 4-methyl catechol versus the pressure applied for 
the three columns packed with NLL-8-57 particles.  Both columns (14.5 cm and 15.6 cm) 
77 
 
whose slurry experienced ultrasonic energy before forming the packed bed had slightly 
higher k’ values for 4-methyl catechol.  This again demonstrates that the columns that 
experienced sonication were more densely packed than the columns packed under normal 
conditions (no sonication).   
 In addition, the flow resistance for the columns packed with the long capillary was 
higher than for the column packed under normal conditions.  Figure 3-13 shows the plot of 
mobile phase linear velocity versus the pressure per unit length for these columns.  The bed 
compression moved the particles into a more dense packing, thus causing the flow resistance 
to increase. 
3.3.2 Sonication of Column after Packing 
3.3.2.1 Chromatographic Evaluation of Columns Sonicated in One Direction 
 For this set of experiments, two columns were subjected to sonication in one 
direction.  The first column is a 28.7 cm x 30 µm ID packed with KDW-4-103-CO particles.  
Before the column was sonicated, it was evaluated on the isocratic UHPLC system for 
chromatographic performance.  The column was then sonicated for 5 minutes at 30,000 psi 
and refritted to give a new column length of 27.8 cm.  The hmin values and reduced van 
Deemter curves of hydroquinone for the column before and after sonication are shown in 
Figure 3-12.  The chromatographic performance improves after the column was sonicated.  
The hmin values for the column before and after sonication are 5 and 5.2, respectively.  Also, 
the reduced c term decreased from 3.24 to 2.44 after sonication was applied to the column.  
Although a decrease was seen, both of these values are very high for c term values.   
 The second column that was packed for this experiment was a 31.6 cm long x 30 µm 
ID column packed with KDW-4-36 particles.  After the column was sonicated for 5 minutes 
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at 30,000 psi it was refritted to get a column length of 30.4 cm.  The reduced van Deemter 
curves for the analyte hydroquinone for each of these columns are shown in Figure 3-13.  
The minimum plate height for the column before and after sonication does not change.  In 
addition, the reduced c term is slightly lower than it was before sonication occurred.  The hmin 
values and reduced van Deemter coefficients for each of these columns are listed in Table 3-
3. 
3.3.2.2 Density of Packing for Columns Sonicated in One Direction 
 Sonication appears to have caused a very modest improvement in chromatographic 
performance.  The analysis of the k’ and flow resistance data indicate that there was virtually 
no difference between the density of packing for the column after the sonication occurred.  
For both columns, the change in k’ values was very minimal as evident by Figures 3-14 and 
3-15.  The flow resistance did however change after the column experienced ultrasonic 
energy.  The flow resistance of these columns surprisingly shifted to a lower resistance 
(Figures 3-16 and 3-17 respectively).  If the ultrasonic bath is compacting the packed bed, the 
flow resistance should be increased, however, this was not the case for this experiment.  It is 
difficult to be able to provide any explanation as to why this was observed for this 
experiment. 
3.3.2.3 Chromatographic Evaluation of Column Sonicated in Both Directions 
 Since there was some small success in sonicating the column in one direction, we 
wanted to take it one step further and sonicate the column more extensively and in both 
directions.  A 37.1 cm long column x 30 µm ID packed with KDW-4-103-CO particles was 
used for this experiment.  The column was chromatographically evaluated before any 
sonication, and then the column was sonicated for 5 minutes at 30,000 psi in both directions 
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twice for a total of twenty minutes.  The column length was shortened to 34.6 cm after the 
first round of sonication.  Then once the column had been chromatographically evaluated on 
the isocratic UHPLC system, it was sonicated again.  This time, it was sonicated for 30 
minutes at 30,000 psi in each direction with the final column length being 32.9 cm.  Figure 3-
18 displays the reduced van Deemter curves of hydroquinone for this column before and after 
the column experienced sonication.  The sonication of the column significantly increased the 
column efficiency as shown by the van Deemter curves.  The hmin values for the column 
shifted from ~6 down to ~4.8.  Once the column had been sonicated for a full hour, the hmin 
value was slightly lower, but the main difference in efficiency was that the c term had 
decreased even further.  The hmin values and van Deemter coefficients for hydroquinone for 
these three columns are listed in Table 3-4.  As the column was sonicated for longer periods 
of time, the value for the c term decreased.  This showed improvement in the column 
efficiency, however, these values are still well above the values expected for well packed 
columns.   
When this experiment was repeated with columns that had good column performance 
prior to any sonication, the use of the ultrasonic bath either decreased the column efficiency 
or did not affect it at all.  Figure 3-19 displays the reduced van Deemter curves for HQ of a 
30.0 cm column packed with KDW-4-36 particles before (red trace) and after (black trace) 
sonication.  From this figure, one can see that the use of sonication did not improve the 
chromatographic efficiency of the column. 
3.3.2.4 Density of Packing for Column Sonicated in Both Directions 
 Analysis of the flow resistance and k’ values for the column sonicated at both inlet 
and outlet ends indicated that differences in the density of packing after sonication had 
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occurred.  Figure 3-20 displays the k’ for 4-methyl catechol versus the pressure applied for 
this column.  Interestingly, the k’ values for the column before any sonication were the 
highest which indicates a more densely packed column.  After the column was sonicated for 
5 minute intervals in each direction, the packing density decreased.  However, once the 
column was sonicated for 30 minutes in each direction, the values for k’ increased, indicating 
an increase in the packing density.  As discussed earlier, the extensive use of sonication 
could break apart these porous particles, which would affect both the flow resistance and 
density of packing for the column.  It is possible that the sonication of the column for 1 hour 
could have caused the particles to break apart and begin to fill in voids that were otherwise 
open which would show an increase in the k’ values.  Also, there is the possibility that the 
excessive sonication has hydrolyzed some of the stationary phase off of the particles 
decreasing the number of sites for the analyte to interact and thus decreasing the retention 
factor.  This possibility could be more likely for this column because mobile phase was used 
as the solvent instead of the acetone during the sonication.  The flow resistance for this 
column again suprisingly decreased after sonication occurred.  Figure 3-21 displays the 
mobile phase linear velocity versus pressure per length curves for this column before and 
after the sonication. 
3.4 Conclusions  
 The results from this experiment were not completely consistent with our 
expectations.  The use of an ultrasonic bath during the column packing process did aid in 
column bed compaction; however, the chromatographic efficiency was not improved.  The 
use of sonicating the capillary prior to packing produced columns that were comparable in 
efficiency as those packed under normal conditions (no sonication).  The use of ultrasonic 
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treatment after the column was already packed allowed compaction of the packed bed, 
evident from the gap generated at the head of the column, and showed a small increase in 
column efficiency.  The improvement in column efficiency was further enhanced when the 
column was sonicated in both directions.  The use of ultrasound did not improve the 
chromatographic efficiency for columns that gave efficient results prior to any sonication.  
From these experiments, we can conclude that the use of ultrasound was not beneficial for 
improving the chromatographic efficiency for columns packed with nominally 1 micron 
particles. 
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3.6 Tables and Figures 
 
 
Particle Batch KDW-4-103-CO KDW-4-36 NLL-8-57 
UNC dp,n ± σ (µm) 0.85 ± 0.18 0.98 ± 0.19 0.933 ± 0.12 
UNC dp,v (µm) 0.96 1.07 0.978 
UNC RSD 21% 19% 13% 
UNC n (# particles) 262 250 339 
Waters dp,n ± σ (µm) 0.92 ± 0.16 1.06 ± 0.22 0.915 ± 0.14 
Waters dp,v (µm) 1.05 1.17 0.997 
Waters RSD 17% 20% 15% 
Specific Surface Area 
(m2/g) 179 155 174 
Specific Pore Volume 
(mL/g) 0.63 0.82 0.63 
dpore (nm) 13.4 14.5 13.4 
 
Table 3-1. Properties of the three individual porous BEH particles used for chromatographic 
analysis.  The number of particles (n), standard deviation (σ), relative standard deviation 
(RSD), number averaged (dp,n) and volume averaged (dp,v) particle sizes were determined 
using SEM imaging.  The first four rows are from SEM imaging done experimentally at 
UNC.  The rest of the rows including, specific surface area (AS), specific pore volume (Vp) 
and pore diameter were supplied by Waters Corporation.   
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Column a term b term c term hmin 
18.7 cm 
(no sonication) 0.75 ± 0.09 1.47 ± 0.04 0.66 ± 0.02 2.8 
18.8 cm 
(sonication during packing) 1.28 ± 0.18 1.47 ± 0.04 1.87 ± 0.07 4.6 
18.5 cm 
(sonication prior to packing) 0.27 ± 0.09 1.60 ± 0.04 0.93 ± 0.04 2.8 
 
Table 3-2. Reduced parameter van Deemter coefficients for hydroquinone on each column 
packed with KDW-4-103-CO used for sonication while packing.  The volume average 
particle diameter, 0.96 µm, was used to reduce the data.  
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Column a term b term c term hmin 
KDW-4-103-CO 
28.7 cm Before sonication 0.54 ± 0.23 1.57 ± 0.03 3.24 ± 0.16 5.0 
KDW-4-103-CO 
27.8 cm After sonication 1.32 ± 0.37 1.53 ± 0.10 2.44 ± 0.18 5.2 
KDW-4-36 
31.6 cm Before sonication 0.69 ± 0.53 1.63 ± 0.15 2.24 ± 0.28 4.5 
KDW-4-36 
30.6 cm After sonication 1.19 ± 0.28 1.65 ± 0.04 1.76 ± 0.16 4.5 
 
Table 3-3. Reduced parameter van Deemter coefficients for hydroquinone on the 28.7 cm 
long x KDW-4-103-CO particles and 31.6 cm long x KDW-4-36 particles sonicated for 5 
minutes at 30,000 psi.  The volume average particle diameter for the KDW-4-103-CO (0.96 
µm) and KDW-4-36 (1.07 µm) particles was used to reduce the data.  
 
 
  
87 
 
 
Column a term b term c term hmin 
Before sonication 1.44 ± 0.37 1.33 ± 0.09 3.74 ± 0.22 6.0 
Sonication for 5 min at 30 
kpsi in both directions (x2) 0.15 ± 0.02 1.66 ± 0.02 3.22 ± 0.04 4.8 
Sonication for 30 minutes at 
30 kpsi in both directions 0.54 ± 0.10 1.53 ± 0.03 2.67 ± 0.05 4.6 
 
Table 3-4. Reduced van Deemter coefficients for hydroquinone for a 37.1 cm long column 
packed with KDW-4-103-CO particles before, after 5 minutes of sonication at 30,000 psi in 
both directions repeated once, and after sonication for 30 minutes in each direction.  
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(a) 
 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 
 
Figure 3-1. Schematic of particle rearrangement that would occur after the use of sonication. 
(a) Filling of voids (b) Increasing coordination numbers of particles  
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Figure 3-2. Schematic of the column packing setup for sonication of column during packing.  
The capillary is placed inside of the ultrasonic bath and held into place using tape. Sonication 
of column during the packing (capillary length ~1 m).  Sonication of capillary prior to 
packing (capillary length ~3 m).  
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Figure 3-3. Schematic of the column packing setup for sonication of column after packing.  
The column is placed inside a HIP fitting and placed inside the ultrasonic bath.  A triple stage 
Haskel pump is pressurized to 30,000 psi to flow mobile phase through the column.  The 
ultrasonic bath is turned on for 5 or 30 minutes, depending on the experiment, and then the 
pressure is released slowly through the valve.   
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Figure 3-4. Diagram of a capillary as it undergoes sonication after packing in both directions.  
The column is placed inside a HIP fitting and placed inside the ultrasonic bath.  (A) At the 
capillary inlet 30,000 psi is applied and the ultrasonic bath is turned on for desired time.  A 
gap is generated at the head of the column; (B) the column is refritted.  (C) The column is 
turned around and the method is repeated.   
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Figure 3-5.  Reduced van Deemter curves for HQ for KDW-4-103-CO particles packed with 
different sonication methods; Blue trace: 18.7 cm long x 30 µm ID packed without 
sonication; Red trace: 18.5 cm long x 30 µm ID packed with sonication prior to packing 
(packed bed did not experience sonication); Black trace: 18.8 cm long x 30 µm ID packed 
with sonication for 10 seconds at ten and twenty minute intervals.  
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Figure 3-6. Chromatogram obtained running the 18.7 cm long x 30 µm ID packed with 
KDW-4-103-CO particles without any sonication at 20,000 psi.  The plate counts are for each 
analyte are listed above their peaks.  
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Figure 3-7. Reduced van Deemter curves for HQ for columns packed with NLL-8-57 
particles.  The blue trace is for a 16.8 cm long x 30 µm ID column packed without 
sonication.  The black and red traces are for 14.5 cm long x 30 µm ID column and 15.6 cm 
long x 30 µm ID column packed with sonication prior to packing.  
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Figure 3-8. Plot of k’ for MCat versus pressure applied.  Columns packed with KDW-4-103-
CO particles using two methods for sonication while packing.   
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Figure 3-9. Mobile phase linear velocity versus pressure per length for three columns packed 
with KDW-4-103-CO particles. The columns were packed by two methods for sonication 
while packing.   
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Figure 3-10.  Plot of k’ for MCat versus pressure applied for two columns packed with NLL-
8-57 particles.  14.5 cm long x 30 µm ID column packed using a long 3.5 m capillary 
undergoing sonication (black).  15.6 cm long x 30 µm ID column packed using a long 3.5 m 
capillary undergoing sonication (red).  16.8 cm long x 30 µm ID column packed without any 
sonication (blue).  
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Figure 3-11.  Mobile phase linear velocity versus pressure per length for two columns packed 
with NLL-8-57 particles.  14.5 cm long x 30 µm ID column packed with sonication prior to 
packing (black). 15.6 cm long x 30 µm ID column packed with sonication prior to packing 
(red).  16.8 cm long x 30 µm ID column packed without any sonication (blue).  
 
 
  
99 
 
 
 
 
Figure 3-12.  Reduced van Deemter curves for HQ for a 28.7 cm long x 30 µm ID column 
packed with KDW-4-103-CO particles before (red) and after 5 minutes of sonication at 
30,000 psi (black).  
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Figure 3-13.  Reduced van Deemter curves for HQ for a 31.6 cm long x 30 µm ID column 
packed with KDW-4-36 particles before (red) and after 5 minutes of sonication at 30,000 psi 
(black).  
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Figure 3-14.  Plot of k’ versus pressure applied for all four analytes for a 28.7 cm long x 30 
µm ID column packed with KDW-4-103-CO particles before (red) and after 5 minutes of 
sonication at 30,000 psi (black).  
 
 
  
102 
 
 
 
 
Figure 3-15.  Plot of k’ versus pressure applied for all four analytes for a 31.6 cm long x 30 
µm ID column packed with KDW-4-36 particles before (red) and after 5 minutes of 
sonication at 30,000 psi (black).  
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Figure 3-16.  Linear velocity versus pressure per unit length for a 28.7 cm long x 30 µm ID 
column packed with KDW-4-103-CO particles before (red) and after 5 minutes of sonication 
at 30,000 psi (black).  
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Figure 3-17. Linear velocity versus pressure per unit length for a 31.6 cm long x 30 µm ID 
column packed with KDW-4-36 particles before (red) and after 5 minutes of sonication at 
30,000 psi (black).  
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Figure 3-18.  Reduced van Deemter curves for HQ for a 37.1 cm long x 30 µm ID column 
packed with KDW-4-103-CO particles before (red), after 5 minutes of sonication at 30,000 
psi in both directions (black), and after 30 minutes of sonication at 30,000 psi in both 
directions (blue).  
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Figure 3-19.  Reduced van Deemter curves for HQ for a 30.0 cm long x 30 µm ID column 
packed with KDW-4-36 particles before (red), after 5 minutes of sonication at 30,000 psi in 
one direction (black).  Included in the figure are the reduced van Deemter coefficients for the 
column before and after sonication.  
 
 
  
107 
 
 
 
 
Figure 3-20. Plot of k’ for MCat versus pressure applied for a 37.1 cm long x 30 µm ID 
column packed with KDW-4-103-CO particles before (red), after 5 minutes of sonication at 
30,000 psi in both directions (black), and after 30 minutes of sonication at 30,000 psi in both 
directions (blue).  
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Figure 3-21. Mobile phase linear velocity versus pressure per length for a 37.1 cm long x 30 
µm ID column packed with KDW-4-103-CO particles before (red), after 5 minutes of 
sonication at 30,000 psi in both directions (black), and after 30 minutes of sonication at 
30,000 psi in both directions (blue).  
 
 
 
 
 
4 THE EFFECT OF SLURRY SOLVENT ON COLUMN PERFORMANCE 
 
4.1 Introduction 
 The ability to pack capillary columns in order to produce stable and highly efficient 
columns is important in the development of HPLC.  Our lab has used slurry packing to pack 
capillary columns with both 1.0 µm NPS and 1.5 µm BEH particles producing very efficient 
columns1, 2.  We have found that packing NPS particles in 67/33 (v/v) acetone/hexanes and 
porous 1.5 µm BEH particles in 100% acetone allows for effective packing and results in 
efficient chromatography.  For the slurry packing technique, the solvent carrying the particles 
is pushed through the already formed packed bed, resulting in a further buildup of the packed 
bed3.  The concentration of the slurry, rate at which the pressure is applied (constant flow or 
constant pressure) and the interactions between the slurry solvent and particles all have an 
influence on the chromatographic performance of the column.  Packing columns with 1.0 µm 
BEH particles initially resulted in columns with high resistance to mass transfer broadening.  
We believed that the poor chromatographic results were due to inefficient packing of these 
particles owing specifically to the choice of slurry solvent.  The follow chapter will discuss 
how the choice of slurry solvent for packing can affect the overall column efficiency, 
packing density and flow resistance for these particles. 
4.1.1 Importance of Slurry Solvent 
 The interaction of the particles with the solvent and each other dictates how the 
particles will behave in the slurry.  If the particle-particle interaction is stronger than the 
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particle-solvent interaction, the particles will aggregate and the particle aggregates will settle 
rapidly3.  If the particle-solvent interaction is stronger than the particle-particle interaction, 
the particles will remain individually solvated.  Because slurry packing is a filtration 
technique, the ultimate goal is to have the particles pack as individuals in order to form a 
uniform, densely packed bed.  If the particles aggregate in the slurry, they will be forced into 
the column as an aggregate, potentially leading to voids in the packed bed and affecting the 
chromatographic performance of the column.  One way to determine whether particles are 
aggregating in a solvent is to measure the settling velocity of the particles in the slurry.  
Particles that aggregate in a solvent settle faster than those that do not aggregate.  The 
sedimentation velocity (us) is given by3: 
 
where ψ is the volume fraction of particles in the slurry, K2 is an empirical factor (near 1), ρsk 
is the density of the particle skeleton (2.01 g/mL for bridged ethyl hybrid (BEH) silica), ρi is 
the density of the solvent, εsk is the fraction of the particle volume occupied by the particle 
skeleton, and g is the acceleration due to gravity (982 cm/s2).  From the equation, one can see 
that the settling velocity is directly dependent on solvent density and inversely proportional 
to solvent viscosity.  Increasing solvent viscosity allows for a slower sedimentation velocity 
but also increases the length of time it takes to pack the column.  For this reason, most 
solvents used in slurry packing are low viscosity solvents (≤ 1 cP). 
Because particle size, porosity, and density are known, we can use this equation to 
determine the effective particle diameter (dp(eff)) of the material as it is suspended in the 
slurry.  The equation can be rearranged so that the dp(eff) is defined as: 
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If the dp(eff) is larger than the known dp, it can be assumed that the particles are aggregating 
in the solvent.  On the other hand, if the dp(eff) is similar to the known dp, then it will show 
that the particles do not aggregate much in that solvent and would be a potentially viable 
option for packing those particles.   
 The research presented in this chapter shows the chromatographic results for capillary 
columns packed in various solvents.  According to Neue, the most common solvents used to 
pack porous particles with a C18 stationary phase are acetone, tetrahydrofuran (THF), and 
methyl ethyl ketone (MEK)3.  The research shows that the chromatographic efficiency for 
packed columns changes depending on the slurry solvent used. 
4.2 Experimental 
4.2.1 Chemicals 
 HPLC grade toluene, HPLC grade tetrahydrofuran (THF), and ACS grade methyl 
ethyl ketone (MEK) were all used as received from Fischer Scientific (Fair Lawn, NJ).  The 
acid labile surfactant, RapiGest® (ALS), was used as received from Waters Corporation 
(Milford, MA). 
4.2.2 Bridged Ethyl Hybrid Micron Particles 
 For these experiments two different batches of the nominally 1 micron porous BEH 
particles were used.  The first set of columns was packed with the KDW-4-36 particles which 
have a dp,n = 0.98 µm with 19% RSD and dp,v = 1.07 µm.  The NLL-8-57 particles were used 
for the second set of columns packed in a different set of slurry solvents which have a dp,n = 
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0.93 µm with 13% RSD and dp,v = 0.978 µm.  The particle batch information for the particles 
used in these experiments is listed in Table 3-1. 
4.2.3 Column Packing 
 The capillary column packing procedure for these columns is the same that was 
described in Section 2.3.3.  Eleven different slurry solvents were used to pack capillary 
columns with inner diameters of 30 µm and outer diameters of 360 µm.  Acetone, THF, 
MEK, 50/50 (v/v) acetone/THF, and 50/50 (v/v) acetone/MEK, and acid labile surfactant 
(ALS) were used as slurry solvents when packing the KDW-4-36 particles.  For these 
columns, the solvent used to drive the packing process was the same as the slurry solvent. 
Through our collaboration with Waters Corporation, we were informed of some slurry 
solvents that are trade secrets to the company.  For this reason, we cannot disclose what the 
slurry solvent is, so each solvent will be referred to as Solvent A through E and were used 
when packing the NLL-8-57 particles.  In addition to using these proprietary solvents, both 
acetone and THF were used when packing the NLL-8-57 particles.  For these columns, 
acetone was used to drive the packing process.  The packing process was monitored through 
an oil-immersion microscope (Wolfe DigiVu Compound Microscope, Burlington, NC) which 
allowed for the column packing to be observed.  When columns were packed using acetone 
as the slurry solvent, the packing would stop when the pressure was increased.  The dielectric 
constant of acetone (and most other solvents) increases when it is under pressure due to its 
increasing density and it is possible this causes aggregation of the particles while packing.  
The aggregates stop the packing process and result in inefficient packing.  To reinitiate 
packing, the pressure was released and then reapplied to continue the packing process.  The 
other ten slurries had continuous packing when the pressure was increased. 
113 
 
 Figure 4-1 shows the structure of the acid labile surfactant (ALS) used as a solvent 
additive to pack the KDW-4-36 particles.  ALS is a water soluble surfactant that is similar to 
the surfactant sodium dodecyl sulfate (SDS).  ALS has both a charged hydrophilic side and a 
long hydrophobic tail.  The hydrophobic tail will be attracted to the C18 bonded stationary 
phase of the particle, allowing the hydrophilic side to form a charge around the particle.  The 
repulsion of charge between the particles as they are pushed down the capillary should allow 
for the particles to pack individually and decrease the chance for aggregates to form.  This 
process works very well for columns packed in SDS, however, it is impossible to be able to 
completely eliminate the SDS surfactant after packing.  ALS is advantageous because it will 
degrade into a water soluble inorganic compound and a water immiscible compound when 
exposed to low pH (shown in Figure 4-1).  Both of these degradation products are soluble in 
50/50 acetonitrile (ACN)/water mobile phase which will allow for the removal of the 
degraded surfactant after the packing process is complete.  The procedure for packing in 
aqueous ALS and the removal of the surfactant after packing is described below.  
Because porous BEH particles would not suspend easily in the aqueous ALS solution 
due to the C18 stationary phase, the following procedure was used.  The KDW-4-36 particles 
were first suspended at a concentration of 3 mg/mL in 9.6 mM ALS solution.  The slurry was 
vortexed and then placed in an ultrasonic bath for 15 minutes.  The slurry was then 
centrifuged, liquid decanted and particles were resuspended in another aliquot of ALS 
solution.  The process was repeated (~5X) until the particles were fully suspended in the ALS 
solution.  It was impossible to know the final particle concentration because of the losses 
associated with the many steps in the suspension process.  The slurry was then placed in the 
packing bomb and water was used as the pushing solvent to drive the packing process.  The 
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outlet of the column was placed in a small vial of water to eliminate any solid surfactant 
buildup at the end of the column. 
 Once the column had packed to the desired length, a series of washing steps had to be 
performed in order to flush the surfactant from the column.  First, the column was flushed 
with water at 30,000 psi overnight.  The column was then flushed with 10/90 (v/v) 
ACN/water for three hours at 50,000 psi.  Next, the solvent was changed to 50/50 (v/v) 
ACN/water and the column was flushed for another 3 hours at the same pressure.  The acid 
labile surfactant degrades at low pH so the solvent was replaced with 50/50 (v/v) ACN/water 
+ 0.5% TFA and the column was flushed at 50,000 psi for six hours.  Finally, the standard 
mobile phase 50/50 ACN/water + 0.1% TFA was placed in the system and column was 
fritted.  The procedure for making the inlet frit was the same as described in Section 2.3.3.   
4.2.4 Column Evaluation 
 The columns used for these experiments were evaluated using the same methods 
described in Section 3.2.5. 
 Scanning electron microscopy (SEM, Hitachi 4700 FE-SEM, Toronto, Ontario) was 
used to analyze the packed bed of the column packed in aqueous ALS.   
4.2.5 Determination of Sedimentation Velocity 
 The sedimentation velocity of porous particles in a solvent was determined 
experimentally.  Approximately 6 mg of the KDW-4-36 particles were weighed out into 2 
mL vials.  The particles were suspended in 2 mL of MEK; acetone; THF; and solvents A 
through E.  After the solvents were added the slurries were placed in an ultrasonic bath for 15 
minutes.  The vials were then placed in front of a webcam (Intel Easy PC Camera, Santa 
Clara, CA) with a black background.  Two lines were superimposed on the vials to give a 
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fixed distance for settling to occur.  An image of this setup is shown in Figure 4-2a with the 
distance between the lines being 1.4 cm.  Using Perios, a time lapsed camera software, 
(http://perios.ic.cz/) images were taken every 60 seconds until the particles had settled below 
the second line.  Times were recorded corresponding to when the settling particle front 
passed through both the first and second line.  The difference in these times gave the settling 
time for the particles over the fixed 1.4 cm distance.  Figure 4-2 shows images of the 
experiment with the solvents acetone, MEK and THF. 
This type of analysis is biased towards the smaller particles present in the slurry.  The 
large particles have already settled by the time the entire particle front has moved through the 
line, so the time that is recorded is likely biased toward the small particles present in the 
slurry.  If the slurry solvent and the BEH packing material have very similar refractive 
indices, there will little scattering of the light.  This made it very difficult to see the particle 
front in Solvent E.  The small amount of light scattered will be due to the larger particles 
present because they will scatter more light than smaller particles.  Therefore, the results in 
this case will be biased toward the larger particles.  Because it was difficult to accurately 
measure the particle front for this solvent, there was likely significant error in this 
measurement. 
4.2.6 Solvent Parameters 
 The viscosity and density for each solvent is needed (Equation 4-2) in order to 
determine the effective particle diameter of the packing material during sedimentation.  The 
refractive index data is helpful in order to understand how the solvents and silica particles 
interact with light.  The values for viscosity, density and refractive index at 25°C were taken 
from the CRC Handbook of Chemistry and Physics4.  These values are all listed in Table 4-1. 
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4.3 Results and Discussion 
4.3.1 Density of Packing for KDW-4-36 Material 
 The retention factor (k’) for the most retained analyte can be used to determine the 
relative packing density for a column because of the direct relationship to the phase ratio.  A 
high packing density will lead to a larger k’ and a low packing density will lead to a smaller 
k’.  This can be described by plotting the k’ for 4-methyl catechol, MCat, (most retained 
peak) versus the pressure applied.  Figure 4-3 illustrates this plot for the columns packed with 
the KDW-4-36 material.  The column packed in THF had the highest k’ values suggesting 
that it had the highest packing density.  The column packed in acetone had the lowest k’ 
values suggesting that it had the lowest packing density. 
The flow resistance can also be used to determine the relative packing density for a 
column.  The flow resistance is determined by plotting the linear velocity versus the pressure 
per unit length (Figure 4-4) for each column.  The slope of the line changes depending on the 
relative flow resistance for each column.  The columns packed using ALS and THF have 
lines with low slopes implying they have a higher flow resistance than the columns packed 
using acetone and 50/50 (v/v) acetone/MEK.  The high flow resistance would be expected for 
the columns packed in ALS and THF because they have also high k’, both indicative of high 
packing density.  The inverse slope of the line of best fit through the data shown in Figure 4-
4 can be used to describe the flow resistance of the columns.  Figure 4-5 displays the plot of 
k’ for MCat (at atmospheric pressure) versus the flow resistance.  This illustrates that the 
columns that have a higher packing density also have a higher flow resistance.   
Another possibility for the high flow resistance could be that the particles have 
broken apart and are no longer spherical in shape.  The broken pieces can fill the interstitial 
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spaces between the whole particles, thus increasing both the packing density and flow 
resistance for the column.  Because the chromatography for the column packed in ALS was 
so poor, we wanted to examine the integrity of the packed bed.  The outlet frit of the column 
was clipped off, and pressure was applied at the inlet in order to push the bed out of the 
column.  The packed bed was then collected onto a scanning electron microscopy (SEM) 
stub and analyzed.  Figure 4-6 shows two SEM images of the packed bed for the column 
packed in ALS.  It is evident from these images that the packing material was broken into 
smaller pieces.  This was almost certainly due to the extensive sonication and vortexing that 
was performed in order to suspend the packing material in the surfactant.  The small pieces 
were able to fill the interstitial spaces between the whole particles, resulting in a column with 
both high flow resistance and k’, indicating a dense packed bed. 
4.3.2 Column Efficiency Studies with KDW-4-36 Material 
 Figure 4-7 shows the reduced van Deemter curves of hydroquinone (HQ) for the six 
solvents that were used to pack the KDW-4-36 BEH material.  The column that was packed 
in acetone had the lowest hmin value near 2.4 and also had the lowest van Deemter c term.  
The column packed in THF was the next most efficient column with a hmin value ~2.6.  The 
solvent MEK did not produce a column with good efficiency.  However, when a 50/50 (v/v) 
mix of MEK and acetone was used to pack the column, the performance improved 
significantly.  Since the packing procedure is a bit of an art, the column reproducibility is not 
very high.  This is shown by the difference between two columns packed with the 50/50 (v/v) 
THF/acetone solvent.  The column packed in aqueous ALS did not produce an efficient 
column; The hmin value was ~6, a very poor value for a column. 
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 Table 4-2 lists hmin values and the reduced van Deemter coefficients for HQ for the 
six solvents discussed above.  With the exception of ALS, the van Deemter a and b terms are 
similar regardless of the slurry solvent used.  The c terms, however, are different for each 
solvent.  A reduced c term value of 0.49 is observed for these particles when the column is 
packed in acetone.  The columns packed in MEK, 50/50 (v/v) MEK/acetone, and 50/50 (v/v) 
THF/acetone all have reduced c term values approximately three times higher than the c term 
for acetone.  The column packed in ALS has a reduced c term value ten times higher than 
that for acetone.  Even though inefficient packing was observed with acetone as the slurry 
solvent, it still produced columns with the best column efficiency. 
The analyte, HQ, gives good peak shape and very reproducible results as the linear 
velocities are varied in order to generate a van Deemter plot.  This is why is it most 
commonly used to represent the efficiency for a given column.  The retention factor or k’ for 
the most retained analyte (MCat) gives the best representation for the packing density of a 
column because it spends the most amount of time on the column.  A comparison of these 
two parameters will assess how column efficiency relates to packing density.  A plot of the 
reduced c term values for HQ versus the k’ values (y-intercepts) for MCat are shown in 
Figure 4-8.  The column packed in acetone had the lowest k’ value and gave the best column 
efficiency.  The column packed in THF gave the next best efficiency, but had a much higher 
k’ value.  It is clear to see that as the retention factor increases, the reduced c term also 
increases in a linear relationship, with the exception of THF.  This suggests that well-packed, 
dense columns do not give efficient chromatographic results, with the exception of THF.  
This is contradictory to what has been published in the literature5.   
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This trend is also supported by the flow resistance.  The plot of the reduced c term for 
hydroquinone versus flow resistance for these columns is shown in Figure 4-9.  As the flow 
resistance increases, so does the c term for all solvents, with the exception of THF.  The 
columns packed with acetone and 50/50 (v/v) acetone/MEK both have the lowest flow 
resistance and c term values, with ALS having the highest values.   
4.3.3 Density of Packing for NLL-8-57 Material 
The next set of columns was packed using the NLL-8-57 porous BEH packing 
material.  These particles were received from Waters Corporation a few years after the 
KDW-4-36 particles.  Since acetone and THF were the only two slurry solvents that gave 
efficient column performance for the KDW-4-36 particles, those were the only two solvents 
that were repeated using the new NLL-8-57 particles.  In addition, there were five other new 
slurry solvents used with these particles.    
The packing densities for the columns packed with the NLL-8-57 material were 
slightly different than for the columns packed using the KDW-4-36 material.  Figure 4-10 is 
a plot of k’ for MCat versus the applied pressure for each slurry solvent used.  The column 
that was packed using acetone as the slurry solvent gave the lowest k’ values which was the 
same result for the other packing material.  However, the column packed in THF did not have 
the highest k’ values, as was observed with the KDW-4-36 particles.  The columns packed 
with Solvent A and Solvent B had the highest k’ values indicating that they were the most 
densely packed columns.   
 A plot of the linear velocity versus the pressure per unit length is shown in Figure 4-
11 for the slurry solvents used.  Columns that have a higher packing density are also going to 
experience a higher flow resistance.  The column packed using Solvent A has the highest 
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flow resistance (lowest slope) and the column packed in acetone has the lowest flow 
resistance (highest slope).  A plot of k’ for MCat versus the flow resistance is shown in 
Figure 4-12.  A general trend is observed that as k’ for a column increases so does the flow 
resistance.  Since these two variables, k’ and flow resistance, have good correlation, the 
accuracy of the packing density results increases.  The three columns that had the best 
chromatographic performance all had the lowest k’ and flow resistance values. 
4.3.4 Column Efficiency Studies with NLL-8-57 Material 
 The reduced van Deemter curves of HQ for each slurry solvent are shown in Figure 
4-13.  The van Deemter curve for THF gave a hmin value ~2.6 which was the highest for the 
solvents used.  Solvents A, B and C showed little improvement in the chromatographic 
efficiency with the hmin values remaining around 2.4.  The solvents that gave the best column 
performance using the NLL-8-57 particles were acetone, Solvent D and Solvent E which 
gave hmin values of 1.95, 1.80 and 1.89, respectively.  These values are even lower than the 
expected hmin value of ~2dp for these particles.  
Table 4-3 lists the hmin values and the reduced van Deemter coefficients for each 
solvent used to pack the NLL-8-57 particles.  The van Deemter b term was roughly the same 
for each packing solvent; however, both the a and c term values were different.  Because the 
a and c terms have been known to be coupled together, the values can vary over a large 
range3.  For these particles and slurry solvents the chromatographic performance was more 
consistent with theory than what was seen using the KDW-4-36 particles.  Also, the highest c 
term value observed for the NLL-8-57 particles was 0.69 for THF.  These values were much 
lower than what was seen previously for the other BEH particles used.  The chromatographic 
data looks very promising for acetone, Solvent D and Solvent E.  The reduced c term values 
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are 0.41, 0.32 and 0.42 respectively, which are the lowest c term values that have been 
observed for the 1.0 micron sized BEH particles to date.  When an approximation for the real 
interstitial velocity is taken into account (as described in Chapter 1), these reduced c term 
values would be 0.2, 0.16 and 0.21 which are approaching values for well packed columns. 
A plot of the reduced c term values for HQ versus the k’ for MCat for all the slurry 
solvents used is shown in Figure 4-14.  The three columns (packed in acetone, Solvent D and 
Solvent E) that gave the most efficient chromatographic results have the lowest k’ values and 
lowest c terms and are clustered together in the plot.  However, there is not an apparent trend 
between the k’ and c term values for the packing solvents used with these particles.  A plot of 
the reduced c term values versus flow resistance is shown in Figure 4-13.  The column 
packed in acetone had the lowest flow resistance, but did not have the lowest c term value.  
There is not a distinct correlation between the column efficiency and packing density for the 
columns packed in the NLL-8-57 particles. 
4.3.5 Sedimentation Studies and Effective Particle Diameter 
 The effective particle diameter (dp(eff)) can be determined from the sedimentation 
velocity using Equation 4-2.  The sedimentation velocity, viscosity and density values for 
each solvent are listed in Table 4-1.  From the particle information for the KDW-4-36 
particles given in Table 3-1 and the known density for bridged ethyl hybrid silica (2.01 g/mL, 
provided by Waters Corp.), the value for εsk can be determined.  For 1 g of KDW-4-36 
packing material, there is a volume of 0.82 mL being occupied by the pore (or “air”) and 
0.498 mL being occupied by the silica which gives a total volume for 1 g of material equal to 
1.318 mL.  Since εsk is the fraction of the particle occupied by the particle skeleton, the 
volume of silica (0.498 mL) divided by the total volume (1.318 mL) will give the fraction 
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occupied by the skeleton (0.378).  Using the concentration of the particle slurry (3 mg/mL) 
and the density of the particle skeleton (2.01 g/mL), the volume fraction of the particles in 
the slurry (ψ) is 0.004.  The calculated values for dp(eff) are listed in Table 4-1.   
First and foremost, all the values (except for Solvent E and MEK) for dp(eff) are 
smaller than the known values for the KDW-4-36 particles (listed in Table 3-1).  This is due 
to the fact that the smallest particles in a distribution of particles sediment the slowest and the 
front that was measured was based on their passage.  The dp,n and dp,v values that were 
obtained using SEM imaging at UNC are a little smaller than the values that were reported by 
Waters Corporation but the values calculated for dp(eff) are lower than both of these values.  
Acetone had the lowest dp(eff) of 0.836 µm, and Solvent D had a value of 0.882 µm.  These 
two solvents resulted in columns with the best chromatographic efficiency, and the particles 
were the slowest to sediment possibly indicating little or no aggregation.  THF had a dp(eff) 
of 0.867 µm which was a low value, but had the highest c term value.  The dp(eff) for the 
particles in MEK was much larger at approximately 1.167 µm indicating that the particles 
aggregate in this solvent.  In addition, Solvent E had a value of 1.110 µm which was larger 
than the values seen from the other solvents.  This was due to the difficultly to see scattering 
occur during the sedimentation experiment.  Since the larger particles will scatter more light, 
the limited amount of scattering that was seen was due to the large particles present in the 
slurry, thus giving a dp(eff) value that was high. 
One way to compare this data to the chromatographic efficiency is to plot the reduced 
c term values versus the calculated effective particle diameter (Figures 4-16 and 4-17).  A 
loss of efficiency is observed when the particles in a slurry aggregate and behave as 
effectively larger particles.  There does not seem to be much of a correlation between the 
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reduced c term and the effective particle diameter.  The column packed in Solvent E has an 
effective particle diameter much larger than any of the other solvents used.  From Figure 4-
17, with the exception of the columns packed in Solvent E and THF, the other columns seem 
to show a slight increase in c term as the effective particle diameter increases.  However, this 
is not a good correlation between the reduced c term and effective particle diameter.  The 
difficulty associated with calculating the sedimentation velocity for Solvent E may be why 
the value for this solvent deviates from the trend.  THF has been shown previously to deviate 
from the general trends seen with other packing solvents.  This is most likely due to how the 
effective particle diameter was measured and will be discussed below.   
A plot of the dp(eff) versus the refractive index for each solvent is shown in Figure 4-
18.  The refractive index for BEH silica is 1.5053 (provided by Waters Corp.) and that value 
is illustrated by the red dotted line.  As the refractive index of the solvent approaches the 
refractive index for BEH silica it becomes more difficult to accurately measure the particle 
front.  Larger particles are going to scatter more light, therefore, the particles measured in a 
solvent that have a refractive index closer to the refractive index of the BEH silica are going 
to have a larger dp(eff).  Acetone has the lowest refractive index and the measured effective 
particle diameter is also the smallest.  Since the refractive index difference between acetone 
and BEH silica is large, it is easier to be able to observe the small particles when performing 
the sedimentation experiment.  Ignoring the data for MEK, one can see that as the refractive 
index approaches the refractive index for BEH silica the calculated effective particle 
diameter also increases.  Thus the calculated effective particle diameter may just be an 
artifact dependent on the refractive index difference between particle and solvent.  Because 
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MEK does not follow this trend and has a large dp(eff), the particles are most likely 
undergoing aggregation while in this solvent. 
One other method to determine dp(eff) in a slurry is to use dynamic light scattering 
(DLS).  In DLS experiments, the slurry sample is illuminated with a laser beam and the 
scattered light is collected at a critical angle.  The intensity of the scattered light will change 
at a rate that is dependent upon the size of the particles present in the slurry.  Analysis of the 
intensity fluctuations allows for the determination of the velocity of the Brownian motion 
(diffusion) that the particles exhibit in the solvent and hence the particle size.  This method 
was performed for the solvents described in this chapter; however, the results from the DLS 
experiments were inconclusive.  The particle size measurements were irreproducible and 
varied depending on when the measurement was taken. 
4.4 Conclusions 
 The choice of the proper slurry solvent for packing capillary columns is very 
important in the overall column efficiency, packing density and flow resistance of the 
column.  These results indicate that columns packed with a lower packing density generally 
give the best column performance.  Also, columns that were packed using Solvents D and E 
gave the best results to date for any 1.0 µm BEH packing material.  The proper slurry solvent 
must suspend the packing particles so that there is a strong particle-solvent interaction such 
that little aggregation occurs.  It is important to note that these solvents work well for the 1.0 
µm BEH material, but this does not mean they will work for other types of particles. 
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4.6 Tables and Figures 
 
 
Solvent η (cP) @ 25°C 
ρ  
(g/cm3) 
nd 
@ 25°C 
us 
 (cm/s) 
Effective 
dp (µm) 
Acetone 0.306 0.7895 1.357 5.76·10-5 0.836 
THF 0.456 0.880 1.404 3.84·10-5 0.867 
Solvent A 0.488 0.879 1.403 4.27·10-5 0.944 
Solvent B 0.529 0.886 1.401 3.63·10-5 0.909 
Solvent C 0.575 0.890 1.400 3.40·10-5 0.918 
Solvent D 0.550 0.854 1.397 3.38·10-5 0.882 
Solvent E 0.770 0.819 1.433 3.94·10-5 1.110 
MEK 0.405 0.799 1.377 8.42·10-5 1.167 
 
Table 4-1.Values for the η, ρ, refractive index (nd) experimental sedimentation velocity (us), 
and calculated effective particle diameter (dp(eff)) of KDW-4-36 particles for each slurry 
solvent used.   
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Packing Solvent a term b term c term hmin 
Acetone 0.50 ± 0.13 1.65 ± 0.07 0.49 ± 0.04 2.4 
THF 0.40 ± 0.09 1.76 ± 0.05 0.69 ± 0.03 2.6 
MEK 0.37 ± 0.12 1.67 ± 0.03 1.40 ± 0.04 3.4 
50 MEK/50 Acetone 0.44 ± 0.18 1.62 ± 0.06 0.84 ± 0.05 2.8 
50 THF/50 Acetone 0.69 ± 0.15 1.50 ± 0.04 1.82 ± 0.05 4.0 
50 THF/50 Acetone (2) 0.39 ± 0.09 1.62 ± 0.03 1.36 ± 0.03 3.4 
ALS 0.06 ± 0.10 1.68 ± 0.02 5.10 ± 0.05 6.0 
 
Table 4-2. Reduced parameter van Deemter coefficients for HQ for each slurry solvent used 
to pack the KDW-4-36 particles.  The volume average particle diameter, 0.96 µm, was used 
to reduce the data. 
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Packing Solvent a term b term c term hmin 
Acetone 0.34 ± 0.06 1.56 ± 0.03 0.41 ± 0.01 1.95 
THF 0.49 ± 0.04 1.48 ± 0.01 0.69 ± 0.01 2.6 
Solvent A 0.92 ± 0.10 1.29 ± 0.02 0.51 ± 0.04 2.5 
Solvent B 0.68 ± 0.07 1.43 ± 0.02 0.52 ± 0.03 2.4 
Solvent C 0.52 ± 0.04 1.48 ± 0.02 0.58 ± 0.01 2.4 
Solvent D 0.42 ± 0.05 1.49 ± 0.02 0.32 ± 0.02 1.80 
Solvent E 0.26 ± 0.09 1.55 ± 0.03 0.42 ± 0.03 1.89 
 
Table 4-3. Reduced parameter van Deemter coefficients for HQ for each slurry solvent used 
to packed the NLL-8-57 particles.  The volume average particle diameter for the NLL-8-57 
particles (0.978 µm) was used to reduce the data. 
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Figure 4-1. Structure of the acid labile surfactant (ALS) used to pack the KDW-4-36 
particles.  When exposed to low pH, ALS degrades into two compounds, a water soluble 
ionic compound, and a water immiscible compound.  The degradation products are both 
soluble in a 50/50 ACN/Water mixture.   
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                  a).                                    b).                                    c). 
         
 
 
Figure 4-2. Calculation of sedimentation velocity.  Slurry concentrations of 3 mg/mL for 
three solvents (from left) acetone, MEK, and THF.  The particles were allowed to settle and 
time was recorded when particle front crossed the yellow line. a). At zero time b). After 5 
hours and 15 minutes have elapsed c). After 11 hours and 15 minutes have elapsed. 
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Figure 4-3.  Plot of k’ for MCat versus the pressure applied.  The data is shown for columns 
packed with KDW-4-36 particles in the slurry solvents listed in the legend. 
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Figure 4-4.  Linear velocity versus pressure per unit length for each column packed in a 
different slurry solvent with KDW-4-36 particles. 
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Figure 4-5.  Plot of k’ for MCat versus flow resistance for the columns packed with KDW-4-
36 particles.  Each point represents one column packed in the slurry solvent.  
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                                a). 
 
 
                                b). 
 
 
Figure 4-6.  SEM images of the extruded packed bed of the column packed with KDW-4-36 
particles in the acid-labile surfactant (ALS). a). A side view of the extruded bed. b). The top 
view of the extruded packed bed. 
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Figure 4-7. Reduced van Deemter curves for HQ for columns packed with KDW-4-36 
particles in six different slurry solvents (acetone, THF, MEK, 50/50 MEK/Acetone, 50/50 
THF/Acetone and ALS). 
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Figure 4-8.  Reduced c term for HQ versus the k’ for MCat for the columns packed with 
KDW-4-36 particles.  Each point represents one column.  The values for k’ are the 
extrapolated y-intercepts of the best fit line for each k’ versus pressure applied trace from 
Figure 4-3. 
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Figure 4-9. Reduced c term for HQ versus flow resistance for the columns packed with 
KDW-4-36 particles.  Each point represents once column for the slurry solvents used.  The 
values for the flow resistance are the inverse slope of the line of best fit for Figure 4-4. 
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Figure 4-10.  Plot of k’ for MCat versus pressure applied for columns packed with NLL-8-57 
particles.  The slurry solvents used are displayed in the legend. 
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Figure 4-11.  Linear velocity versus pressure per unit length for columns packed with NLL-
8-57 particles using the slurry solvents listed in the legend. 
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Figure 4-12. Plot of k’ for MCat versus flow resistance for the columns packed with NLL-8-
57 particles.  Each point represents one column packed in the slurry solvent. 
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Figure 4-13. Reduced van Deemter curves for HQ for columns packed using NLL-8-57 
particles in seven slurry solvents (acetone, THF, solvents A through E).   
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Figure 4-14. Reduced c term for HQ versus the k’ for MCat for the columns packed with 
NLL-8-57 particles.  Each point represents one column.  The values for k’ are the 
extrapolated y-intercepts of the best fit line for each k’ versus pressure applied trace from 
Figure 4-10.  
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Figure 4-15. Reduced c term for HQ versus flow resistance for the columns packed with 
NLL-8-57 particles.  Each point represents once column for the slurry solvents used.  The 
values for the flow resistance are the inverse slope of the line of best fit for Figure 4-11. 
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Figure 4-16. Reduced c term for HQ for each slurry solvent used versus the effective particle 
diameter.  
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Figure 4-17. Reduced c term for MCat for each slurry solvent used versus the effective 
particle diameter.  
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Figure 4-18. Effective particle diameter versus the refractive index for each slurry solvent 
used with KDW-4-36 particles. The red dotted line indicates the refractive index for BEH 
silica (1.5053). 
 
 
 
 
 
5 THE DEPENDENCE OF VAN DEEMTER COEFFICIENTS ON CAPACITY 
FACTOR 
 
5.1 Introduction 
Previous chapters have discussed the basic parameters that go into packing efficient 
capillary columns.  Chapter 2 discussed the how the particle size of the packing material 
affects both column density and efficiency.  Chapters 3 and 4 discussed the specifics of the 
column bed compaction and the column packing procedure.  Although the results from these 
chapters show that the reduced van Deemter c term values for columns packed with 1.0 µm 
BEH particles are ~ 0.4 (best results to date), they are still higher than c term values (~ 0.1) 
from columns packed with 1.5 µm BEH particles in our lab1.  It has been thought that the 
mobile phase contribution to the c term is the dominant contribution to the total broadening 
from the c term2, 3.  Because the c term values for our columns packed with 1.0 µm BEH 
particles are higher than values seen for larger particles, we wanted to investigate in depth if 
in fact the c term contribution from the stationary phase was increasing our c term values.  
One way to do this is by varying k’ by changing the organic composition of the mobile phase 
used.  Each contribution to the c term has a different dependence on k’ so we might be able to 
determine if either the mobile phase or stationary phase contributions are dominant.  Another 
way would be to decrease the diameter of the capillary which has been shown to improve 
chromatographic efficiency4, 5.  Column diameters that are approaching the particle size will 
have a more uniform packing because there is less chance for two distinct regions of different 
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packing density to take place.  This will allow us to determine if the particles are reaching a 
mass transfer limitation, or if the packing structure is at fault for the higher than expected c 
term values. 
5.1.1 A and B-term Dependence on k’ 
 The expanded van Deemter A and B terms are defined as:   
 
 
Where λ is a parameter related to the structure of the bed; γM and γS are the tortuosity factors 
that account for the restricted diffusion in the mobile phase and stationary phase in the 
packed bed, respectively; and DM and DS are the diffusion coefficients in the mobile phase 
and stationary phase, respectively.  The A term does not have a relationship with k’ and 
should not experience a change as k’ is increased.  Equation 5-2 is an expanded version of 
Equation 1-14 which includes the longitudinal broadening that occurs within the stationary 
phase6.  The van Deemter B term has a direct relationship with k’, so as k’ for an analyte 
increases, there should be a resulting increase in the B term.   
5.1.2 C-Term Dependence on k’ 
 Since we are interested in packing materials that are porous in nature, there are three 
contributions to the C-term, HCM, HCS, and HCSM.  The equations for the mobile phase, 
stationary phase and stagnant mobile phase contributions to the van Deemter C term reveal a 
dependency on the k’ of an analyte. 
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As k’ becomes larger, both the HCM and HCSM terms will continue to increase.  The HCM term 
will increase at a rate faster than the HCSM term because of the larger k’ expression in the 
numerator.  The HCS term will increase rapidly at low k’ values.  As k’ continues to increase, 
HCS will reach a maximum before slowly decreasing at larger k’ values.  These expressions 
can also be thought of in terms of reduced parameters.  In reduced parameters, the actual 
values for the pressure dependent mobile phase diffusion coefficients7 and particle diameter 
are inserted, leaving the expression in terms of k’ only.   
 
 
 
A graphical representation of the individual contributions to the total c term is shown in 
Figure 5-1.  The total contribution from the c term is shown in the black trace, where there is 
a steep increase at low k’ before gradually leveling off as k’ gets larger.  In the case of 
spherical, nonporous particles with a monolayer of stationary phase, the hCSM term is zero and 
the hCS contribution to the c term is very small, leaving hCM the dominating contribution8, 9.  
However, because our values for the c term for 1.0 µm porous BEH particles were relatively 
high (~0.4 and above), we were interested in how the c term values for these particles 
depended on k’ and also how they compared to the theoretical equations.  If a steep rise in the 
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c term was seen at low k’ values, or if a maximum was observed, then the hCS contribution 
would be important or dominant.  If neither of these phenomena were observed, then it could 
be determined that the main contribution to the c term would be from the mobile phase.  In 
addition, it would be interesting to investigate the dependence of both the a and b terms upon 
k’.   
 This chapter will focus on how the van Deemter coefficients are dependent on the 
capacity factor (k’) for columns packed with 1.0 µm porous BEH particles.  Two columns 
(18.9 cm long x 30 µm ID and 15.5 cm long x 30 µm ID) will be evaluated in five different 
isocratic mobile phase compositions.  The changing organic strength will vary the k’ values 
for the analytes and allow one to see how the chromatographic performance is dependent on 
k’. 
 Also, previous group members have shown that decreasing the diameter of the 
column improves the column performance5, 8, so to further investigate the high c term values, 
we have packed a 10 µm ID column to see if column performance has improved.  The 
stagnant mobile phase hCSM and the stationary phase hCS contributions to the c term are due to 
the properties of the particles themselves.  The packing structure of the column will affect 
both the contribution from the a term as well as the mobile phase hCM contribution to the c 
term. Reducing the column inner diameter from 30 µm to 10 µm should reduce variations in 
packing structure, and allow one to see if there is a mass transfer limitation for 1.0 µm 
particles, or if in fact the packing structure of the column is at fault for the high c term 
values. 
 
 
151 
 
5.2 Experimental 
5.2.1 Bridged Ethyl Hybrid Particles 
 The micron BEH porous particles with batch number NLL-8-57 (Waters Corp., 
Milford, MA) were used for these experiments.  The particle batch information for this 
packing material is listed in Table 3-1.  These particles have a dp,n = 0.933 µm with 13% 
RSD and dp,v = 0.978 µm.  The dp,v is used to determine the reduced van Deemter parameters. 
5.2.2 Column Packing for 30 µm ID Capillaries 
 The column packing procedure for capillaries with a 30 µm ID is the same that is 
described in Section 2.3.3.  THF was used as a slurry solvent to pack the particles. 
5.2.3 Column Packing for 10 µm ID Capillary 
 The column packing procedure for a capillary with an inner diameter of 10 µm and 
outer diameter of 360 µm is slightly modified from the procedure described in Section 2.3.3.  
The outlet frit is made by pushing a 1 mm plug of 2.5 µm bare nonporous silica particles 
approximately 0.5 mm into the end of the capillary.  In order to push the particles into the 10 
µm opening, a pusher smaller than 10 µm was needed.  The Wightman lab supplied our lab 
with 5 µm diameter Thornel® 650 carbon fiber microelectrodes to use as pushers for the 10 
µm ID capillary10.  Once the plug of particles was approximately 0.5 mm into the end of the 
capillary the particles were sintered into place using an electric arc device11.  The remainder 
of the packing procedure was followed as described in Section 2.3.3., with the exception that 
THF was used as a slurry solvent to pack the particles. 
5.2.4 Column Test Parameters and Evaluation 
 The columns used for this experiment were run using five different isocratic mobile 
phase compositions.  The mobile phases were 20, 30, 50, 70, and 80% acetonitrile with 
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deionized water and each had 0.1% TFA added as an electrolyte.  Varying the organic 
strength of the mobile phase allowed for the analytes to be retained on the column for longer 
(low organic) or shorter (high organic) times while keeping the mobile phase linear velocity 
constant.  This will allow for the evaluation of the chromatographic performance with respect 
to capacity factor for these columns.  The same five component isocratic mixture of ascorbic 
acid (dead time marker), hydroquinone (HQ), resorcinol (Res), catechol (Cat), and 4-methyl 
catechol (MCat) were used to test the column parameters.  For the 18.9 cm long x 30 µm ID 
column only, the dead time marker, ascorbic acid, and HQ were used for the 70/30 
ACN/water and 80/20 ACN/water mobile phases.  For the 15.5 cm long x 30 µm ID and 25.0 
cm long x 10 µm ID columns, all analytes except Res were analyzed for those two mobile 
phases.  The sample concentration was ~ 200 µM for columns packed in 30 µm ID capillaries 
and 1 mM for the column packed in 10 µm ID capillary.   
 These columns were evaluated on the basis of chromatographic performance and 
retentivity which followed the methods previously described in Section 2.3.5. 
5.3 Results and Discussion 
5.3.1 Chromatographic Evaluation and Capacity Factor for 30 µm ID Columns 
 Originally, the columns used for this experiment were packed using acetone as the 
slurry solvent.  Acetone was chosen because it was shown to produce columns with the 
highest chromatographic efficiency when compared to the other packing solvents (Chapter 
4).  However, when the columns were run changing between widely different mobile phase 
compositions, the packed bed collapsed forming a gap in the middle of the column.  CCD 
camera images of the bed collapse for a column packed in acetone are shown in Figure 5-2.  
As described in Chapter 4, the packing density for columns packed in acetone was low.  The 
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low packing density resulted in bed collapse when exposed to mobile phases with high 
organic content.  Columns that were packed in THF produced columns that had very high 
packing densities and the chromatographic efficiency was comparable to acetone packed 
columns.  Therefore, the rest of the columns used for this experiment were packed using THF 
because the packed bed did not collapse when exposed to the different mobile phase 
conpositions. 
 The two 30 µm ID columns were evaluated in five mobile phase compositions.  To 
illustrate the effect of mobile phase composition on retention, Figure 5-3 shows a series of 
chromatograms for the 15.5 cm column for each mobile phase used.  As the organic content 
decreases, the analyte retention increases, causing an increase in k’ for each analyte.  The 
peak shapes remain sharp even when the analytes are retained on the column longer.  van 
Deemter plots were generated for each mobile phase composition for both columns.  The 
reduced van Deemter coefficients and k’ values for all retained analytes for the 30 µm ID 
columns are listed in Tables 5-1 and 5-2, respectively.   
The capacity factor will be larger for the analytes that are retained on the column 
longer.  As analytes spend more time in the column when run in a mobile phase with low 
organic content, the longitudinal diffusion is going to increase, thus increasing the 
experimental b term.  Also, the optimal linear velocity will shift to a higher value as the b 
term is increased.   The reduced b term values increased as the organic concentration of the 
mobile phase decreased.  Figures 5-4 and 5-5 are plots of the reduced b term values versus k’ 
for the 18.9 cm and 15.5 cm columns, respectively.  Reducing Equation 5-2 with particle 
diameter and the pressure dependent mobile phase diffusion coefficients for each analyte, 
results in a b term equal to: 
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Equation 5-9 shows that there is a linear relationship between the reduced b term and k’ with 
the slope of the line being equal to 2γS[DS/DM] and the y-intercept equal to 2γM.  If we make a 
line of best fit (red dotted line) through HQ data shown in Figure 5-4, we can experimentally 
determine [DS/DM].  The intercept is ≈ 0.8, so γM ≈ 0.4.  The slope of the line is ≈ 2.3, and if 
we assume γM ≈ γS, the ratio of diffusion coefficient in the stationary phase to the diffusion 
coefficient in the mobile phase is ≈ 2.8.  This suggests that the diffusion of the analyte in the 
stationary phase (surface of particle) is much faster than the diffusion of the analyte in the 
mobile phase which was also observed by others12.  The data for the 15.5 cm long column 
(Figure 5-5) also shows a roll off in the b term as the k’ values increase for the analytes.  The 
b term value should increase linearly as k’ increases as indicated by Equation 5-9.   
Reduced van Deemter curves for the retained analytes for the 18.9 cm column run in 
the lowest organic mobile phase (20/80 ACN/water + 0.1% TFA) are shown in Figure 5-6.  
In the low linear velocity region (b term dominated) of the curves there is a separation 
between the analytes.  When the reduced b term values increase, the van Deemter optimum 
shifts to a higher linear velocity and it becomes more difficult to be able to sample the higher 
linear velocities that are dominated by c term broadening.  The most retained analyte, MCat, 
has the largest b term and it shifts the curve to a higher optimal linear velocity.  From Figure 
5-6, the optimum reduced velocity for MCat is ~ 2.5, but the highest linear velocity could be 
obtained was only ~3.5.  There are not enough data points in the high velocity region to be 
able to accurately sample the c term.  In order to accurately measure the van Deemter 
coefficients using a line of best fit, the data needs to be sampled in both the low velocity 
region as well as the high velocity region.  Since we have sampled the low velocity region 
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well, the b term values will be well represented.  However, the c term values will not be 
accurate because of the limited sampling.  These inaccuracies in the c term will change the 
line of best fit through the data and in turn cause the a term values to possibly be negative 
and scattered. 
The reduced a term values for these columns are negative for the mobile phases with 
low organic strength.  This is due to how the van Deemter equation is fit to the experimental 
data points.  For these particular mobile phases, the c term values are high (~1) when 
compared to c term values for well packed columns described in Chapter 4 (c term ~ 0.4)2.  
In the case of such large c term slopes, there will be a decrease in the y-intercept (a term) 
which may result in negative values.  Figures 5-7 and 5-8 shows plots of the reduced a term 
versus k’ for the 18.9 cm and 15.5 cm column, respectively.  The a term value should remain 
constant throughout different mobile phase compositions, as according to Equation 5-1, it 
does not depend in k’.  However, as k’ increases, there is a decrease in the reduced a term 
values.  Although, the high k’ values for the 15.5 cm column do not show the decrease in 
reduced a term values, the data from the lower organic mobile phases do follow this trend.  
Figure 5-8b is a plot of the reduced a term versus k’ for the 15.5 cm column excluding the 
data from the lowest organic strength mobile phase (20/80 ACN/water) which follows the 
same trend that was seen with the other 30 µm ID column.  
Figures 5-9 and 5-10 show plots of the reduced c term values versus the k’ values for 
the 18.9 cm and 15.5 cm columns, respectively.  Data for the 18.9 cm column showed an 
increase in the reduced c term value as the k’ values increased.  Generally, the slope of this 
increase was decreased for the more retained analytes, Cat and MCat.  From Figure 5-1, the 
total c term has a high slope at low k’ values and as k’ increases, the slope decreases until 
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there is a steady value for the c term.  Since each individual analyte has increasing c term 
values as k’ increases, it can be inferred that c term broadening due to the stationary phase is 
not the dominating term.  Also, the c term does not have a steep decline as k’ values approach 
zero, also indicating that the mobile phase term is dominating the contribution.       
The data for the 15.5 cm column does not follow the same trends that were seen with 
the 18.9 cm column.  At low k’, the c term values are high and then as k’ increases the c term 
values decrease to a minimum before increasing again at high k’ values.  For the analyte Cat, 
the c term values begin to level off at high k’ and for MCat, the c term values begin to 
decrease at high k’.  Because we are unable to accurately sample the velocities along the c 
term dominated side of the van Deemter equation for low organic mobile phases, it is hard to 
accurately measure the c term value for the more retained analytes.  The c term values are 
lower than the values obtained for the less retained analytes (HQ and Res).  Again, there is 
not any evidence to say that the dominant c term contribution is from the stationary phase. 
5.3.2 Chromatographic Evaluation and Capacity Factor for 10 µm ID Column 
 Our lab has shown that decreasing the column diameter increases columns 
performance4.  The ability for analytes to diffuse rapidly across the diameter of the column 
yields sharper analyte bands because the impact of eddy diffusion is reduced.  Columns with 
a diameter approaching the particle size will have more uniform packing because there is less 
chance for two distinct regions of different packing density to take place.  Efficient trans-
column diffusion also reduces the importance of regions of different packing density.  Since 
most results that had been observed for the 1.0 µm porous BEH particles gave high c term 
values using 30 µm ID capillaries, we wanted to pack 10 µm ID capillaries as a means to 
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investigate if there was a fundamental mass transfer limitation for the 1.0 µm porous BEH 
particles.   
 Figure 5-11 is a chromatogram for a 25.0 cm x 10 µm ID column run in 50/50 
ACN/water + 0.1% TFA at a pressure of 35,000 psi.  The dead time for the column was ~2.3 
minutes, giving a linear velocity of 0.18 cm/sec which was at the optimum velocity.  The 
number of theoretical plates determined for each retained analyte is shown in Figure 5-11.  
van Deemter plots for the analytes in the test mixture are displayed in Figure 5-12.  The van 
Deemter curves show that the analytes performed well chromatographically, achieving 
minimum plate heights of less than twice the particle diameter.  In addition, the reduced c 
term value for HQ was ~ 0.28 which is slightly lower than the values obtained in Chapter 4 
(~ 0.3).  If the linear velocity was corrected for the interstitial velocity discussed in Chapter 
1, the c term value would be approximately 0.14 which is a value expected for very well 
packed columns. 
 This column was run in the five different mobile phase compositions and the reduced 
van Deemter coefficients and k’ values for each mobile phase are listed in Table 5-3.  A plot 
of the reduced a term values versus the k’ values is shown in Figure 5-13.  For this column, 
there does not appear to be a relationship between the a term and k’.  The data points are 
scattered throughout the figure and it is not apparent that a term values decrease as the k’ 
values increase, which was observed with the two 30 µm ID columns.  The a term values are 
lower for the 10 µm ID column (ranging from 0.4 to zero) than the 30 µm ID columns 
(ranging from 0.8 to negative values).  The literature supports that decreasing the column 
inner diameter also decreases a term values4. 
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 In general, the reduced b term values increase as the k’ values increase for each 
analyte (Figure 5-14).  The increasing b term data tend to level off instead of increasing at 
large k’ values (20/80 ACN/water + 0.1% TFA mobile phase).  This is the same trend that 
was observed with 15.5 cm long x 30 µm ID column.  The longer the analyte spends in the 
capillary column, the more time it has to diffuse, which will increase the broadening 
contribution from the b term. 
 The reduced c term values versus k’ for all analytes is shown in Figure 5-15.  The 
reduced c term values are high at low k’ values and as k’ increases the c term decreases to a 
certain value (data from 50/50 ACN/water + 0.1% TFA mobile phase) before increasing 
again as k’ gets large.  This data does not show a very steep rise at low k’ values, which 
would be predicted from the stationary phase hCS term, nor does it show a drop off at high k’.  
In fact, there is a decrease in the c term at intermediate k’ values.  This would again show 
that the hCS term is not the dominant contribution to the c term for these particles.   
5.3.3 Comparison between 30 µm ID and 10 µm ID Columns 
 Figure 5-16 displays the reduced van Deemter curves of HQ for the two columns 
packed in 30 µm ID capillaries (18.9 cm and 15.5 cm) and the 25.0 cm column packed in a 
10 µm ID capillary.  The 30 µm ID columns have a minimum plate height of approximately 
2.6 and the optimal linear velocity is near 1.5.  The optimal linear velocity is shifted near 3 
for the 10 µm ID column and the reduced minimum plate height is less than twice the particle 
diameter.  The column performance for the 10 µm ID column indicates that these 1.0 µm 
porous BEH particles are capable of producing efficient columns with low c terms and hmin 
values. 
159 
 
 A plot of the k’ for 4-methyl catechol versus the pressure applied for each column is 
shown in Figure 5-17.  The k’ for the 10 µm ID column is the lowest which is indicative of a 
less densely packed column.  In larger diameter columns there are distinct regions of 
packing, a loosely packed region near the wall of the capillary and a more densely packed 
“core” region.  As the column inner diameter is decreased, the core region disappears and the 
packing structure is dominated by the loosely packed region near the wall4.  The capacity 
factor for analytes will be lower in the less densely packed columns which was observed with 
the 25.0 cm x 10 µm ID column. 
 This experiment showed that the 1.0 µm BEH particles are in fact capable of 
producing efficient columns when packed in smaller inner diameter capillaries.  The data 
suggest that it is not the particles themselves that are leading to the poor chromatography 
with the larger inner diameter capillaries but other factors, such as column packing, that may 
be causing less efficient columns.  Since the reproducibility of columns is low, we are 
looking at modifying our column packing setup to allow for packing multiple columns at the 
same time.  This allows for each column to experience the same pressure ramp and slurry so 
that the column packing procedure is identical across several columns. 
5.4 Conclusions 
 The results from this experiment showed that there was a linear relationship between 
the van Deemter b term and the k’ for the analytes.  Because the optimal linear velocity 
shifted to higher values when the columns were run with high k’ in low organic mobile 
phases, it was difficult to be able to sample all the velocities on the c term dominated side of 
the van Deemter plot.  This led to negative van Deemter a terms for the columns when they 
were run in the low organic mobile phases.  As the k’ values increased, there was a general 
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increase in the overall c term values and the results showed that the stationary phase hCS 
contribution was not the dominant term to the overall c term.  Neither a steep rise in the data 
at low k’ values or a maximum c term value at intermediate k’ were seen in the results.  
Therefore, these results showed that the main contribution was from the mobile phase 
contributions (hCM and hCSM).  Even though these two mobile phase terms have different 
dependencies on k’, this experiment could not differentiate between the two contributions. 
 Packing the 1.0 µm porous BEH particles in the 10 µm ID capillary showed the 
particles were capable of producing efficient columns with hmin values less than twice the 
particle diameter and reduced c term values near 0.28.  Since the variations in packing 
structure are reduced when 10 µm ID columns are used, the main contributions to c term 
broadening should only be from the properties that pertain to the particles (hCS and hCSM).  
The results showed that it is not in fact the particles themselves that are limited by mass 
transfer (low c term values), but it is the packing structure that is at fault.  Therefore, the 
mobile phase hCM contribution to the c term and the a term are at fault for the increased plate 
heights seen with 30 µm ID columns.   
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5.6 Tables and Figures 
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Figure 5-1.  Theoretical curves for the contributions to the c term versus k’ for an analyte.  
The blue trace is for the stagnant mobile phase term.  The red trace is for the mobile phase 
term.  The green trace is for the resistance to mass transfer in the stationary phase.  The black 
trace is the total contribution to the c term as it varies with k’. 
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Figure 5-2.  CCD camera images using a 100x oil immersion microscope objective of a 30 
µm ID capillary with NLL-8-57 particles slurry packed in acetone.  The packed bed 
collapsed to form a gap in the middle of the column which is illustrated here. 
 
 
  
167 
 
       (a) 
(b)  
(c)  
(d)  
(e)  
 
 
Figure 5-3. Chromatograms for the 15.5 cm long x 30 µm ID column run in five different 
isocratic mobile phases, (a) 80/20 ACN/water, (b) 70/30 ACN/water, (c) 50/50 ACN/water, 
(d) 30/70 ACN/water, (e) 20/80 ACN/water.  Each chromatogram was run at a pressure 
~27,000 psi.  Mobile phases with 80 (a) and  70% acetonitrile (b) did not use resorcinol as an 
analyte.   
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Figure 5-4. Reduced b term for all retained analytes versus k’ for the 18.9 cm long x 30 µm 
ID column. The values for k’ are the extrapolated y-intercepts of the best fit line for each k’ 
versus pressure applied.  Each point is representative of the corresponding b term and k’ for 
the analyte.  The dotted red line is a line of best fit for the HQ data.  
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Figure 5-5. Reduced b term for all retained analytes versus k’ for the 15.5 cm long x 30 µm 
ID column. The values for k’ are the extrapolated y-intercepts of the best fit line for each k’ 
versus pressure applied.  Each point is representative of the corresponding b term and k’ for 
the analyte.  
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Figure 5-6. Reduced van Deemter curves for the retained analytes for the 18.9 cm x 30 µm 
ID column run in 20/80 ACN/Water + 0.1% TFA. 
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Figure 5-7.  Reduced a term for all retained analytes versus k’ for the 18.9 cm long x 30 µm 
ID column. The values for k’ are the extrapolated y-intercepts of the best fit line for each k’ 
versus pressure applied. The black dashed line shows where zero is located on the y-axis.  
Each point is representative of the corresponding a term and k’ for the analyte.  
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Figure 5-8. Reduced a term for all retained analytes versus k’ for the 15.5 cm long x 30 µm 
ID column. (a) All mobile phase compositions. (b) Without mobile phase composition 20/80 
ACN/water + 0.1% TFA. The values for k’ are the extrapolated y-intercepts of the best fit 
line for each k’ versus pressure applied.  Each point is representative of the corresponding a 
term and k’ for the analyte. 
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Figure 5-9. Reduced c term for all retained analytes versus k’ for the 18.9 cm long x 30 µm 
ID column. The values for k’ are the extrapolated y-intercepts of the best fit line for each k’ 
versus pressure applied.  Each point is representative of the corresponding c term and k’ for 
the analyte.  Included are the theoretical c term contributions with respect to k’.   
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Figure 5-10. Plots of reduced c term for all retained analytes versus k’ for the 15.5 cm long x 
30 µm ID column. The values for k’ are the extrapolated y-intercepts of the best fit line for 
each k’ versus pressure applied.  Each point is representative of the corresponding c term and 
k’ for the analyte.  
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Figure 5-11. Chromatogram for 25.0 cm x 10 µm ID column.  The mobile phase was 50/50 
ACN/Water + 0.1% TFA with an applied pressure of ~35 kpsi at a linear velocity of 0.18 
cm/s.  The plate counts for each analyte are given in the legend.  
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Figure 5-12.  Reduced van Deemter curves of the retained analytes for the 25.0 cm x 10 µm 
ID column run in 50/50 ACN/Water + 0.1% TFA mobile phase.   
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Figure 5-13. Reduced a term for all retained analytes versus k’ for the 25.0 cm long x 10 µm 
ID column. The values for k’ are the extrapolated y-intercepts of the best fit line for each k’ 
versus pressure applied.  The black dashed line shows where zero is located on the y-axis.  
Each point is representative of the corresponding a term and k’ for the analyte.  
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Figure 5-14. Reduced b term for all retained analytes versus k’ for the 25.0 cm long x 10 µm 
ID column. The values for k’ are the extrapolated y-intercepts of the best fit line for each k’ 
versus pressure applied.  Each point is representative of the corresponding b term and k’ for 
the analyte.  
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Figure 5-15. Plots of reduced c term for all retained analytes versus k’ for the 25.0 cm long x 
10 µm ID column. The values for k’ are the extrapolated y-intercepts of the best fit line for 
each k’ versus pressure applied.  Each point is representative of the corresponding c term and 
k’ for the analyte. 
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Figure 5-16. Reduced van Deemter curves for hydroquinone run in 50/50 ACN/water + 0.1% 
TFA mobile phase.  Red trace: 25.0 cm x 10 µm ID column. Black trace: 18.9 cm x 30 µm 
ID column. Green trace: 15.5 cm x 30 µm ID column.  
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Figure 5-17. Plot of k’ for 4-methyl catechol versus the pressure applied.  Red trace: 25.0 cm 
x 10 µm ID column.  Green trace: 15.5 cm x 30 µm ID column.  Black trace: 18.9 cm x 30 
µm ID column.  
 
 
 
